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SUMMARY
Shock compaction experiments were performed on soft magnetic phases Fe4N
and Fe16N2, and hard magnetic phases Nd2Fe14B and Sm2Fe17N3 in order to determine
their thermo-mechanical stability during shock loading and explore the possibility of
fabricating a textured nanocomposite magnet. Gas gun experiments performed on
powders pressed in a three capsule fixture showed phase transformations occurring in
Fe4N, Fe16N2, and Nd2Fe14B, while Sm2Fe17N3 was observed to be relatively stable.
Shock compaction of FCC Fe4N resulted in a partial transformation to HCP Fe3N,
consistent with previous reports of the transition occurring at a static pressure of ∼3
GPa. Shock compaction of Fe16N2 produced decomposition products α-Fe, Fe4N, and
FeN due to a combination of thermal effects associated with dynamic void collapse
and plastic deformation. Decomposition of Nd-Fe-B, producing α-Fe and amorphous
Nd-Fe-B, was observed in several shock consolidated samples and is attributed to
deformation associated with shock compaction, similar to decomposition reported
in ball milled Nd-Fe-B. No decomposition was observed in shock compacted sam-
ples of Sm-Fe-N, which is consistent with literature reports showing decomposition
occurring only in samples compacted at a pressure above ∼15 GPa. Nd-Fe-B and
Sm-Fe-N were shown to accommodate deformation primarily by grain size reduction,
especially in large grained materials. Hard/Soft composite magnetic materials were
formed by mixing single crystal particles of Nd-Fe-B with iron nanoparticles, and the
alignment-by-magnetic-field technique was able to introduce significant texture into
green compacts of this mixture. While problems with decomposition of the Nd2Fe14B
phase prevented fabricating bulk magnets from the aligned green compacts, retention
of the nanoscale morphology of the α-Fe particles and the high alignment of the green
xv





Permanent magnetic materials have seen a steady improvement in their properties
and applications since the start of the twentieth century. Increasing performance
has occurred by discovery of a new material and then development of its magnetic
properties to near theoretical limits. From hardened steels, to Alnico magnets, to
samarium-cobalt, and now to neodymium-iron-boron magnets (Nd-Fe-B), each ad-
vance has allowed for a wider array of applications and more efficient use. Devel-
opment of Nd-Fe-B, the best currently available magnetic material, is nearing its
theoretical limit [1].
While Nd-Fe-B magnets have the highest energy product, which is the figure of
merit for permanent magnets, several other materials have a higher magnetization but
lack sufficient coercivity to be useful as permanent magnets. Nanocomposite magnets,
in which nanoscale, magnetically soft grains are exchange coupled with a hard mag-
netic phase, have the potential to become the next generation of permanent magnets,
possibly doubling the energy product of Nd-Fe-B magnets [2]. With ongoing prob-
lems related to the supply of rare earth materials [3], the lower neodymium content
of iron-Nd-Fe-B composites provides an additional advantage for these materials.
There are several challenges to developing an exchange-coupled permanent mag-
net. The exchange length, the distance over which exchange coupling can take place,
is very small and is typically estimated to be 5-10 nm for hard/soft composites [4].
This means that a hard-soft composite material needs to have all soft grains be neigh-
boring a hard grain and be no more than 10-20 nm in diameter [5]. Such a fine grain
size is not achievable using traditional processing techniques, such as sintering and
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hot pressing. The high temperatures and extended heating times produce significant
grain growth that can limit the effectiveness of exchange coupling [6]. Thus, creating
full density bulk magnets from nanocomposite powders has been a serious challenge
In addition, the hard phase of an exchange coupled composite magnet must be
highly textured in order to achieve very high energy products [7]. The c-axis serves as
the easy direction of magnetization for Nd2Fe14B and other magnetically hard crystal
structures. Having a high degree of alignment of the easy magnetization direction
dramatically increases the performance of a permanent magnet by increasing both the
remanence and squareness of the magnetic hysteresis loop [8]. A well aligned magnet
can potentially have an energy product four times greater than a typical isotropic
magnet [4].
Many attempts to create texture in nanocomposite magnets have focused on hot-
pressing and die-upsetting [9, 7, 10, 11]. For typical Nd-Fe-B magnets, uniaxial
pressure is applied while at high temperature, creating an elongated grain structure
perpendicular to the pressing direction and c-axis alignment along the pressing di-
rection [12]. Die-upsetting of Nd-Fe-B depends on excess Nd to create a low melting
point grain boundary phase. However, composites with excess iron lack this grain
boundary phase and do not produce sufficient texture [13].
Shock compaction of powders provides several advantages to processing nanocom-
posite magnets. The energy of compaction is applied rapidly, such that any heating
occurs over the course of a few microseconds [14]. Thus, a low porosity magnet can
be made without extended heating times [15, 16]. While several studies have demon-
strated the ability of the shock compaction technique to produce bulk magnets with
nanocomposite structure, there have been very few attempts to control the texture
of such magnets.
Therefore, the ultimate goal of this research is to develop a textured nanocompos-
ite magnetic material through shock compaction. Two main problems are addressed
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in working toward this goal: Which magnetic phases are suited for use in a magnet
processed by shock compaction, and how can texture be created in a shock com-
pacted nanocomposite material? Magnetic phases with high pressure phase transi-
tions or with thermally or mechanically induced decomposition will have limited use
in a shock compacted magnet. Additionally, the deformation behavior, occurring by
plastic slip, twinning, fracture, or other method, will be important in developing or
maintaining a textured microstructure during shock compaction. Thus, shock com-
paction experiments are performed on a variety of hard and soft magnetic phases
in order to study their thermo-mechanical stability and mechanism of deformation.
The problem of creating texture is addressed by adapting the two techniques used on
conventional materials, die-upsetting and magnetic field alignment, for use on shock
compacted materials. The study of each technique seeks to determine the conditions
and extent of texture development.
This dissertation will begin with background information on the theory of mag-
netic materials, exchange coupling, and nanocomposite magnetic materials described
in Chapter 2. A literature review is provided for both techniques commonly used to
develop texture in magnets: die-upsetting and magnetic-field-alignment. The funda-
mentals of shock waves are discussed, followed by a review of previous shock com-
paction studies on permanent magnetic materials and nanocomposites. Chapter 3
details the characteristic of the as-received materials studied, the characterization
techniques employed, and an overview of the setup of shock compaction experiments
and related numerical simulations. The models and parameters used to estimate the
shock pressure and temperature are also presented. Chapter 4 presents the results
of shock compaction experiments for each material system. Chapter 5 will discuss
key results, paying particular attention to the phase transformations and deforma-
tion mechanisms observed in shock compacted samples. The possibility of producing
texture by high rate deformation and magnetic field alignment is also discussed. A
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summary and concluding remarks are provided followed by suggestions for future




This chapter will provide background information on permanent magnetic materials
and shock compaction fundamentals. The two most common methods of process-
ing magnetic materials to produce texture, die-upsetting and field-alignment-and-
sintering, are discussed. A literature review of prior studies on shock compaction of
magnetic materials is also provided.
2.1 Magnetic Materials
2.1.1 Magnetic Theory
The hysteresis curve provides many important characteristics of a magnetic material.
The curve is measured by recording the magnetic induction, B, or magnetization, M ,
in a magnetic field, H.1 These field parameters are related by Equation 1, where µ0
is a constant, the permeability of free space, equal to 1.26 x 10−6 Tm
A
.
B = µ0(H +M) (1)
It is often useful to think of H as the field applied to a magnet and B as the total
field (sum of the applied field and the magnetization) as measured by the magnetome-
ter. This is not technically accurate, since an external field, He, will produce a field
anti-parallel and proportional to the magnetization inside the material called the de-
magnetizing field, Hd = −DM . The demagnetization factor, D, is a number between
0 and 1 and is dependent mainly on the geometry of the magnet. Demagnetization
factors cannot be computed exactly for shapes other than ellipsoids of rotation. For
1There is a disagreement between physicists and material scientists over what terms should be
used to describe various aspects of magnetic fields (e.g. whether the B or H field is referred as the
“magnetic field”). The following discussion will use the terms common among material scientists.
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Table 1: Magnetic terms and corresponding symbols in SI and cgs units
a sphere, the demagnetization factor is 1/3. Demagnetization factors are cited in the
literature [17].
There are a few alternate ways of describing and naming magnetic units. Occasion-
ally, magnetic properties may be measured by the polarization, J , where J = µ0M ,
so that B = µ0H + J . In CGS units, µ0 is set equal to one and Eq 1 becomes
B = H + 4πM . Table 1 lists the names and relationships between various magnetic
terms and their units.
A typical M −H curve is shown for a generic material in Figure 1(a). A material
often begins in the demagnetized state at the origin of the hysteresis curve. As
the applied field increases the magnetization reaches a maximum value Ms, which
is a property intrinsic to the magnetic phase of the material. When the applied
field is removed, the magnetization falls to the value Mr, called the remanence. Hc,
called the intrinsic coercivity,2 is the applied field required to bring the magnetization
2Intrinsic coercivity is a misnomer, since the coercivity is not an intrinsic property of the magnetic
phase. It is dependent upon several microstructural factors.
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(a) A generic M − H hysteresis curve for a hard magnetic material
with the magnetization saturation, Ms, remanence, Mr, and intrinsic
coercivity Hc marked on the graph [4]
(b) Idealized hysteresis curves for a hard magnetic material. B − H
curve is shown with a solid line. M −H curve is shown with a dotted
line. [4].
Figure 1: Example hysteresis curves illustrating (a) generic behavior and (b) ideal
behavior. The saturation, remanence, and coercivity are indicated in each plot.
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back to zero. As the applied field continues to increase anti-parallel to the original
magnetization, the material will saturate in the opposite direction.
Both the M −H and B−H curves are shown for an ideal hard magnetic material
in Figure 1(b). The ideal hard magnetic material will have Mr equal to Ms and will
hold that value of magnetization up to the intrinsic coercivity. At this point the
magnetization completely reverses. When viewed in relation to Equation 1, it is easy
to see that the remanence will be the same on both curves, µ0Mr = Br. Also, the
coercivity, BHc, on the induction curve must necessarily be smaller than the intrinsic
coercivity, Hc, since BHc will occur when M = −H, instead of when M = 0.
The energy product is the figure of merit for engineering permanent magnets, and
it is defined as the area of the largest rectangle that can be inscribed in the second
quadrant of the B − H curve. This is usually represented as BHmax. For an ideal
material, with Br = µ0Ms, the energy product is then given by Equation 2.
BH = (Br − µ0H)H = BrH − µ0H2 (2)
Simple calculus shows that the maxima occurs at H = Br
2µ0
, yielding Equation 3 for










Since the maximum energy product occurs at H = Ms
2
, an intrinsic coercivity larger
than Ms
2
will not produce a higher energy product in an ideal magnet.
The magnetization behavior in ferromagnetic materials arises from the tendency
of atomic magnetic moments to align with each other. The atomic magnetic moments
in a ferromagnetic material are held parallel by exchange forces, also known as the
molecular field. For a pair of atoms, the exchange energy is given by Equation 4 [17].
Eex = −2JexSiSjcosφ (4)
The energy will the be minimized when φ is zero, or when the atomic moments
are aligned parallel or anti-parallel. A first principle calculation of the exchange
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Figure 2: The Bethe-Slater curves shows a postulated dependence of the exchange
integral upon the ratio of the atomic radius to the radius of the 3d shell. Ferromagnetic
ordering is differentiated from antiferromagnetic ordering by the sign of the exchange
integral. [17]
integral, Jex, has not been developed; however, the Bethe-Slater curve approximates
the integral’s dependence on the ratio of the atomic radius to the radius of its 3d
shell, ra
r3d
. The Bethe-Slater curve, shown in Figure 2, provides an explanation for
ferromagnetic ordering in simple systems, such as iron, nickel, and cobalt; however,
applications of this theory to other materials are limited. Ferromagnetic ordering is
differentiated from antiferromagnetic ordering by the sign of the exchange integral.
Ferromagnetic ordering is disrupted as the temperature of a material increases.
Ms will decrease as the material is heated, reaching zero at the Curie temperature.
Above the Curie temperature a ferromagnetic material will become paramagnetic.
The Curie temperature is related to the strength of the exchange coupling between
atomic moments, and so the Bethe-Slater curve has also been presented as a Curie
temperature dependence on 3d orbital size [18].
Since exchange forces create magnetic alignment between atoms, these must be
necessarily dependent on atomic arrangement and spacing. Magnetization behavior
will vary greatly for different crystallographic directions. To reach saturation, a single
crystal of cobalt requires a field an order of magnitude greater when applied along a
9
Figure 3: Magnetization curves for a single crystal of cobalt along the easy axis,
[0001], and along a perpendicular direction [101̄0] [17].
basal direction than along the c-axis [17]. Thus the c-axis is termed the ”easy” axis
of magnetization. Some materials may have multiple easy directions or easy planes of
magnetization, but all materials for practical use as hard magnetic materials have a
single easy axis. Figure 3 shows the magnetization curves for a single crystal of cobalt
along the easy magnetization direction and along a perpendicular, basal direction.
The energy difference in magnetizing the material in a direction other than the easy
direction is called the anisotropy energy, and it can be modeled as a series expansion
of direction cosines of the angle between the easy axis and the magnetization axis, as
shown in Equation 5.3
Ea/V = K1sin
2θ +K2sin
4θ + . . . (5)
For many high-anisotropy non-cubic materials, such as those used as permanent mag-
nets, the K1 term serves as a good approximation for anisotropy energy [19].
A high magnetic anisotropy is a critical element to achieve high performance and
approach ideal hard magnetic behavior. While the shape of the grains has been used
3Typically a substitution is made to show the expansion in terms of sinθ.
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in the past to produce anisotropy (e.g. AlNiCo magnets), the anisotropy present in
current high performance magnets is due mainly to magneto-crystalline anisotropy,
which can be orders of magnitude higher.
The anisotropy energy is important in understanding magnetization reversal and
coercivity in magnetic materials. The Stoner-Wohlfarth theory [20] assumes coherent
rotation of magnetization of single domain particles, since this mode keeps the atomic
moments aligned and minimizes the exchange energy. For a small ellipsoidal particle
with uniform magnetization, the energy required to rotate all atomic magnetic mo-
ments together is given by Equation 6, in which only the angular dependent part is
shown.
E = K1sin




He and Hd refer to the external field and the demagnetizing field, as defined previously
(p.5). For a particle with its easy axis aligned along the major axis of the ellipsoid,
Equation 6 will have two minima at 0 and 180 degrees, with an energy barrier in
between. As He increases, the size of the barrier will decrease and eventually vanish.
At this point, the magnetization of the particle is unstable and completely reverses.








Very few materials experience magnetization reversal by coherent rotation alone. As a
result, the coercivity of most materials is several times smaller than what is predicted
by the Stoner-Wolhfarth model [19].
For particles of a large enough size, a lower energy state can be achieved by the
creation of separate magnetic domains, or areas in which the atomic moments are
aligned. In the case of hard magnetic materials with strong uniaxial anisotropy, the
domains will be aligned along the easy magnetization axis of the local grain, but
individual domains will be anti-parallel to each other. There will be a finite region
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between domains, called the domain wall, in which the alignment of atomic moments
transitions between the opposing alignments of the neighboring domains.
Formation of multiple domains occurs when the decrease in energy from having
multiple domains outweighs the energy cost of the domain wall. The size at which
this begins to occur is dependent on the anisotropy, saturation magnetization, and the
exchange interactions of the material. The critical size is a few hundred nanometers
in diameter for most hard magnetic materials but only a few tens of nanometers or
less for soft materials [4, 21].
Stoner-Wohlfarth theory can not be applied to multi-domain materials, since all
the atomic moments can not be assumed to rotate together. Instead, magnetiza-
tion reversal in many multi-domain materials is attributed to nucleation of reverse
magnetic domains and movement of domain walls such that reverse domains grow.
Reverse domains will typically nucleate at defects or inclusions in the grain. Hence,
coercivity can be increased in some magnets through removal of defects or the ad-
dition of inter-granular phases that smooth over irregularities on the grain surface.
Certain defects can be beneficial, by acting as pinning centers that hinder movement
of the domain walls [4]. The field at which reverse domains begin to nucleate is called
the nucleation field, HN .
During the magnetization process of a material with strong uniaxial anisotropy,
grains will initially have multiple domains with anti-parallel magnetization directions.
As the applied field increases, grains will become single domain with the magnetiza-
tion remaining aligned along the easy axis of the local grain. As applied field increases
further and the material approaches saturation, the magnetization will move off of
the easy axis and align with the applied field. In this high field region, a magnetic





) + χhfH (8)
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where χhf is the susceptibility at high fields. For materials well below the Curie
temperature the χhfH term can be ignored. This equation can be used to to determine
Ms in cases where the applied field is not strong enough to reach full saturation by
plotting M versus 1
H
.
When the applied field is removed the magnetization will tend to return to the
local easy axis, but leave a net magnetization, the remanence. Thus, the remanence
can be seen to be heavily dependent upon the degree of alignment of the easy axis
of the grains. While the remanence can also be affected by the presence of non-
magnetic phases, porosity, and temperature, these factors also lower the saturation
magnetization, and so the remanence ratio, Mr
Ms
, also called the squareness, is often
studied. For non-interacting grains, Mr
Ms








In the above equation, P (ψ) is the probability that the easy axis of a particular grain
will make an angle ψ with the magnetization direction. For a perfectly isotropic ma-
terial, P (ψ) =sinψ and Mr
Ms
= 0.5. For this reason, Mr
Ms
is often used as a measurement
of the degree of alignment of the grains. For textured samples with magnetization
parallel to the alignment of the easy axes of the grains, the remanence ratio can
approach 1 for well aligned materials.
2.1.2 Hard Magnetic Materials
The Nd-Fe-B material system, and other rare earth-iron intermetallics, represent the
latest class of permanent magnets to be commercially realized. With Nd2Fe14B as the
primary magnetic phase, these magnets have significantly higher magnetic saturation
than previous classes of magnets and sufficiently high coercivity. The tetragonal
structure, P42/mnm space group, of Nd2Fe14B was first established by Herbst [22].
This structure is shown in Figure 4(a) along with the calculated X-ray diffraction
profile (using Cu-Kα radiation) in Figure 4(b) [23]. Nd2Fe14B has served as the
13
(a) Crystal structure of Nd2Fe14B
(b) X-ray diffraction pattern
Figure 4: (a)The crystal structure of Nd2Fe14B showing atomic positions. (b) Cal-
culated X-ray diffraction pattern for copper Kα1 radiation. [23]
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prototypical material for this class but has roughly equivalent magnetic properties
and structure to Pr2Fe14B [23]. Lattice parameters for Pr2Fe14B differ only slightly
from Nd2Fe14B, so the Pr2Fe14B XRD trace is similar to the one for Nd-Fe-B shown
in Figure 4(b).
A vertical section of the ternary phase diagram for the Nd-Fe-B system is shown
in Figure 5(a). The phase diagram follows the tie line that connects the 100% Fe
point to the stoichiometric point for Nd2Fe14B. The system has three distinct Nd-
Fe-B compounds. T1 corresponds to the Nd2Fe14B phase, the main magnetic phase
in commerical Nd-Fe-B magnets. T2 is another tetragonal phase with composition
Nd1+εFe4B4. T3 is a high boron phase not commonly found in high performance
magnets [24]. Figure 5(b) shows that the Nd-Fe-B magnets with highest energy
product will fall in the range of 14% to 17% Nd content. The excess Nd in this range
is shown in the phase diagram in Figure 5(a) to melt at 938K. The Nd rich phase
is the main grain boundary phase, and the relatively low melt temperature aides in
liquid phase sintering.
Sm2Fe17Nx represents the most promising of a new class of permanent magnetic
materials in which improvement in magnetic properties is achieved through modifica-
tion of interstitial sites. Nitrogenation of Sm2Fe17 can produce an increase in the Curie
temperature, magnetization, anisotropy, and a change from easy-plane to easy-axis
magnetization behavior [25]. The improvement in magnetic properties is attributed
largely to the increase in volume of the material’s unit cell. Figure 6 shows the crys-
tal structure of Sm2Fe17Nx, in which the octahedral interstitial sites are occupied by
nitrogen. Nitrogenation of Sm2Fe17 produces a gas-solid solution, not a true nitride
compound [25]. This solution is not thermodynamically stable. The nitrogenation






N2 → Sm2Fe17N3 (10)
The decomposition reaction, shown in Equation 11, is also exothermic, with ∆H =
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(a) Two-Dimensional Nd-Fe-B Phase Diagram
(b) Compositional dependence of Nd-Fe-B energy product
Figure 5: (a) Vertical section of the Nd-Fe-B ternary phase diagram along the tie
line from 100% Fe to the stoichiometric point for Nd2Fe14B. T1 = Nd2Fe14B. T2 =
Nd1+εFe4B4 (b) Ternary composition plot of the energy product of Nd-Fe-B sintered
magnets following optimal annealing conditions. [24]
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Figure 6: Rhombohedral crystal structure of Sm2Fe17Nx and similar interstitially
modified inter-metallics. Samarium atoms occupy the 6c sites. Nitrogen occupies the




Sm2Fe17N3 → 2SmN + Fe4N + 13Fe (11)
The nitrogenation and decompositional processes are controlled by the relative diffu-
sion rates of iron and nitrogen. Figure 7 plots the diffusion distance, approximated
as 2
√
Dt, in Sm2Fe17 for iron, nitrogen, and hydrogen There exists a window around
400-500oC where nitrogen can diffuse into the bulk of a grain, typically a few µm
in diameter, but no significant diffusion of iron is present, as shown by a diffusion
distance smaller than the interatomic spacing. This window is the optimal range
for nitrogenation of Sm2Fe17 without subsequent decomposition into α-Fe and other
phases [19].
Since decomposition is a diffusional process, the stability of the Sm2Fe17N3 phase
will be determined both by the temperature and the time it is held at temperature.
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Figure 7: Diffusion distance, 2
√
Dt, in Sm2Fe17 as a function of inverse temperature.
Shaded horizontal lines indicate the sizes of a typical grain, 1 µM, and the interatomic
spacing of iron, 1 Å. [19]
One model developed by Skomski [25] assumes the material will no longer be suitable
for use as a permanent magnet when α-Fe precipitates of 3 nm or larger have been
formed. A temperature of 250-300oC is identified as the point for long term stability,
since growth of the α-Fe grains would take over 100 years at these temperatures
[25]. However, other studies show that the magnetic properties begin to degrade
at temperatures in the range of 400-475 oC, depending on nitrogen content [26].
Additionally DSC traces show an exothermic reaction, forming SmN and α-Fe, with
an onset temperature 600-700oC for a 40 C/min heating rate [26].
Table 2 compares properties of several high performance hard magnetic materials.
Typical properties for Sm-Fe-N and Pr-Fe-B are not available because these materials
are not commonly used in commercial applications.
2.1.3 Soft Magnetic Materials
As noted in Eq. 3, the maximum possible energy product is related to the satura-
tion magnetization of a material. Since the saturation magnetization is an intrinsic
property, the maximum energy product can only be increase by switching to a new
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Table 2: Intrinsic magnetic properties and typical values of extrinsic properties of se-
lected hard magnetic materials, . (a) O’Handley [27]. (b) Herbst [23]. (c) Lacheisserie


















SmCo5 790a 685-700a 17000c 1400e 680e 150e
Sm2Fe17Nx 1220d 476d 8600d
Nd2Fe14B 1270a 312a 4900c 1000e 920e 420
Pr2Fe14B 1240b 292b
Table 3: Magnetic Properties of Selected Soft Magnetic Materials. (a) Lacheisserie









Fe 1710a 770a 48a
Co 1370a 1121a 530a
Ni 480a 212a -4.5a
Fe4N 1400c 494c
Fe16N2 ∼1900d 537c 780d
FeCo 1940b 980 ∼0b
material system or by making a composite material, such as a hard/soft composite.
Traditional design of soft magnetic materials seeks to minimize coercivity and energy
product, thereby reducing the energy loss per cycle, while maintaining a high mag-
netization. When designing hard/soft composites for use as permanent magnets, the
coercivity of the soft phase, while potentially desirable, is considered negligible when
compared with the hard phase. This allows the use of several high magnetization
materials that would normally not be suitable as soft magnetic materials. Table 3
lists magnetic properties of selected soft magnetic materials.
α-Fe is one of the most commonly used soft magnetic materials. It combines a
high magnetization with a very low cost. An alloy of iron and cobalt produces the
among the highest magnetization of any material suitable for practical use. It should
be noted that the iron-cobalt system shifts from 〈100〉 easy magnetization for low
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Figure 8: Graph of the dependence of magnetic saturation and anisotropy constant on
composition in iron-cobalt alloys. The dotted line shows the ordered CsCl allotrope.
After O’Handley [27].
cobalt content to 〈111〉 around 41% cobalt [29]. The saturation value for iron-cobalt
remains high over a wide composition range, as shown in Figure 8.
The Iron-Nitrogen system contains multiple important magnetic phases. Figure 9
shows a portion of the Iron-Nitrogen phase diagram. The Fe-N system includes fer-
romagnetic structures γ′-Fe4N, and α
′′-Fe16N2. Some other iron-nitride compounds,
such as ε-Fe3N and γ
′′-FeN, are paramagnetic. Of particular interest as a magnetic
material is the α′′-Fe16N2 phase which, while not the equilibrium phase in atmosphere,
is meta stable at temperatures below ∼200oC. The α′′-Fe16N2 phase is reported to
have an unusually high saturation magnetization; however, the reports of the exact
value have varied from 310 emu/g [34] to 240 emu/g [31]. Several difficulties have
been highlighted in determining the magnetization of the α′′-Fe16N2 phase. In many
cases a pure sample of the phase can not be fabricated, so calculation of the magneti-
zation requires an accurate knowledge of the relative amounts of each phase present
and the magnetizations of non-α′′-Fe16N2 phases. In addition to the presence of other
ferromagnetic phases, such as α-Fe and γ′-Fe4N, in many of the reported samples,




Figure 9: Iron-Nitrogen phase diagram. [33]
viewed as a face-centered tetragonal system with the nitrogen atoms occupying the
body center octahedral sites in an ordered way so as to maximize the distance between
nitrogen atoms [35]. The α′-Fe16N2 phase is a similar structure, but with nitrogen
occupying the octahedral sites in a disordered manner. The two phases can be dif-
ferentiated by the presence of super-lattice reflections in an XRD scan. Sugitay et
al. [36] used the ratio of the integrated intensities of the α′′(002) peak to the α′′(004)
+ α′(002) combined peak as a measure of the N-site ordering in epitaxial thin films.
They showed an increase in saturation magnetization as the ratio approached the
value 0.125 for a perfectly ordered system; however, a similar effect could not be
found by Takahashi et al. [37].
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Figure 10: Example hysteresis curves of a permanent magnetic material with soft
inclusions. The two phases act independently in part (a) and are exchange coupled
in part (b). [38]
2.1.4 Exchange Coupling
In many cases, the presence of soft magnetic phases can severely limit the coercivity of
a permanent magnet. Compared with the hard magnetic material, the soft inclusion
can reverse its magnetization almost immediately as a reverse field is applied. This
appears as a kink in the second quadrant of the hysteresis loop, as shown in Figure
10 (a). Under certain conditions the soft phase can be coupled to the hard phase,
as shown in Figure 10 (b), and act similarly to a single phase hard magnet. With
proper coupling between the phases, the overall performance of the material can be
improved. As noted in Eq. 2, the maximum possible energy product is dependent
on the square of the saturation magnetization. Comparing Table 2 and Table 3,
one can see that the saturation magnetization of many soft materials exceeds that
of current hard materials. Thus, with suitable coupling, a composite magnet may
be able to achieve a larger energy product than the best currently available hard
magnetic materials.
Over a short range, coupling between the hard and soft phases in a composite may
be achieved by taking advantage of exchange forces. Exchange forces are described
in §2.1.1, however, micromagnetic models often use a parameter called the exchange
stiffness, A as an alternate means of describing exchange interactions. Skomski and
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Zhou [39] assert that the exchange energy promotes coupling between magnetic mo-






Estimates of the exchange length for most hard magnetic materials is only a few
nanometers [4]. Thus, the ideal microstructure of an exchange-coupled nanocomposite
magnet must have nanometer sized grains with no clustering of soft phases to ensure
that the soft phase is within an exchange length of the nearest hard grain.
Since nanoscaled grains are generally too small to develop multiple domains,
nanograined magnets are often modeled as a collection of non-interacting Stoner-
Wohlfarth particles [4]. As noted previously, an isotropic material with non-interacting
grains must have a remanence ratio, Mr
Ms
, of 0.5. However, exchange-coupled grains
interact by definition, and so the remanence ratio for these materials often exceeds
0.5, even though they are isotropic. Several studies have used the remanence ratio in
nanograined magnets as a measure of the exchange-coupling, instead of the degree of
easy axis alignment.
Critical to achieving high performance in exchange-coupled magnets is the small
dimension of the soft phase. Skomski and Coey [2] used quantum mechanics analogies
to magnetostatic interactions to estimate that alternating layers of 2.5 nm Sm2Fe17N3
and 9 nm FeCo could achieve an energy product of ∼1000 kJ
m3
. Soft inclusions signif-
icantly larger than the domain wall thickness, typically only a few nm, produces a
very low coercivity [2]. Fischer et al. [40] used three dimensional micromagnetic cal-
culations to simulate realistic microstructures of isotropic Nd-Fe-B/α-Fe composites.
They found that for 10 nm iron grains, the remanence increases and the coercivity
decreases as the volume fraction of iron increases up to 80% α-Fe, as shown in Figure
11. The 80% volume fraction point corresponds to the maximum energy product
calculated and roughly corresponds with the volume fraction for the maximum en-
ergy product found in Skomski and Coey’s [2] study. Fischer et al. [40] also found a
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Figure 11: The dependence of reduced remanence, Jr
Jsat
, and reduced coercivity,
Hc
HN
, on the volume fraction of soft grains in an isotropic, exchange-coupled hard-soft
nanocomposite magnet [40]
slight improvement in properties when a regularly shaped grain morphology was used.
They observed that 10 nm iron grains produced slighly better remenance enchance-
ment over 20nm soft grains. Lieneweber and Kronmüller [41] used a one dimensional
analytical model to show a similar result: that the nucleation field decreases rapidly
if the soft phase is much larger than the domain wall thickness of the hard phase,
approximately 10 nm for Nd-Fe-B/α-Fe.
Recent reports have shown that single phase magnetic behavior can be achieved for
soft phase inclusions much larger than the exchange length. Lee et al. [42] prepared
a series of die-upset magnets by blending rare-earth-rich, melt-spun powder with mi-
cron sized α-Fe and Fe-Co particles. Adding these micron sized particles increased
remanence and lowered coercivity, but produced a maximum energy product at low
soft grain volume fractions of 3-8%. Initial reports suggested that coupling in large
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soft grains is due to magnetostatic interactions; however, simulations of demagneti-
zation behavior showed that incomplete exchange coupling must also be present to
explain the experimental results [43]. The magnetostatic portion of the coupling was
shown to be strongest when the soft phase inclusions where in a platelet morphology
oriented perpendicularly to the magnetization direction. Samples using larger volume
fractions of soft grains, up to 30%, have a siginfiicantly reduced energy product and
coercivity, even though they had single phase demagnetization behavior [44].
2.1.5 Fabrication Techniques
Achieving the ideal microstructure for exchange-coupled permanent magnets, mainly
a nanoscale, well-dispersed soft phase as described in §2.1.4, is a difficult challenge.
The most common method is through phase separation of the hard and soft phases
from a solid solution [45]. This can be achieved through heat treatment and crys-
tallization of an amorphous material produced from melt-spinning or mechanical al-
loying, or melt spinning can be used to quench directly to the appropriate crystallite
size [46, 47].
Melt-spinning is a prominent process for fabrication of isotropic nanocomposite
magnetic ribbons which can be ground into powders. In melt spinning, a homogenized
ingot of material is melted in a crucible, typically by an induction heater. The melt
is rapidly quenched as it is poured on to a chilled, spinning wheel. The quench rate
is dependent upon the speed of the wheel, the composition of the material, and rate
of deposition of material onto the wheel, which itself can vary with ejection pressure
and size of the hole in the crucible. For relatively modest cooling rates, heat flow
occurs perpendicular to the wheel surface and thus creates crystal growth in that
direction [48]. At lower wheel speeds, the process is growth dominated, ensuring
that the fastest growing crystal orientations will dominate the solidification [49]. The
resulting columnar structure typically has grains in the micron regime and a sharp
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texture. Micron sized grains, however, are not suitable for nanocomposite magnets.
More rapid cooling rates, corresponding to higher wheel speeds, result in amorphous
structures or isotropic nanocrystallites[50].
The microstructure of melt spun R-Fe-B based materials will be dependent upon
the quench rate and the composition of the material. Hard/soft nanocomposite mate-
rials can be fabricated through melt spinning by using a rare-earth lean composition.
Chen et al. [51] fabricated such a material by over-quenching and creating an amor-
phous material that, with subsequent heat treatments, results in crystallite formation.
The coercivity was highly dependent upon the size of the soft phase crystallites. The
optimal coercivity was achieved for very short heat treatment times. Figure 12 shows
the coercivity dependence on heat treatment time at three different temperatures.
The alloys containing praesodymium as the rare-earth element achieved higher coer-
civities relative to neodymium for all heat treatments. The addition of Nb into the
alloy further increased the coercivity by limiting growth of the soft phase crystallites
[51]. Similar studies show that optimal quench rates and annealing conditions vary
and must be optimized on a case by case basis [52, 47] However, the trends that an-
nealing times remain on the order of minutes and small alloying additions can limit
grain growth and increase coercivity hold true.
Mechanical alloying is another potential process for creating appropriate nanocrys-
talline powder. This technique employs various forms of ball milling to produce the
alloy. A mixture of powder, mechanically hard balls, and milling media can be ag-
itated in a variety of ways to achieve milling. The alloying is produced by a cycle
of welding and fracturing of the alloyed materials. Varying the milling temperature
or introducing specific liquid additives can provide some control over the welding-
fracturing mechanisms [53]. The mechanical alloying technique often initially em-
ploys a simple mixture of starting powders to be alloyed. Refinement in particle and
crystallite size is achieved through the process of repeated plastic deformation and
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Figure 12: Coercivity dependence on heat treatment times for three different tem-
peratures in RE-lean magnets. Composition (a) is Nd8Fe86B6 and (b) is Pr8Fe86B6.
The optimal heat treatment is achieved after only a few minutes. Praesodymium
containing alloys achieved higher coercivities for all heat treatments. [51]
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Figure 13: Phase Transformations in Nd-lean, mechanically alloyed powders under
a range of heat treatment temperatures. [46]
fracture during milling.
During high-energy ball milling in most rare-earth based materials, the initial de-
formation mechanism has been assumed by some authors to be shear banding [46].
As milling time increases, the shear bands create sub grains with low-angle bound-
aries which then evolve with further milling into randomly oriented nanocrystallites.
Depending upon the composition, additional milling can produce increasing disorder
resulting in the formation of amorphous material, driven by the high surface energy of
the nanocrystalline material [46]. Typically, the as-milled powder is magnetically soft
and must be heat treated to produce a suitable hard magnetic material. The crys-
tallization temperature increases from 550o to 600oC as the volume fraction of α-Fe
increases [46]. At low heat treatment temperatures, the amorphous phase crystallizes
into the Nd2Fe14B phase with little change in α-Fe volume fraction, as shown in Fig-
ure 13. At higher temperatures, some of the α-Fe is incorporated into the Nd2Fe14B
phase. Despite the decrease in α-Fe volume fraction, the size of the α-Fe grains can
increase. This results in a decreasing remanence and coercivity with increasing heat
treatment time [46].
The mechanically alloyed powder can also be hot pressed to produce bulk samples.
Wecker et al. [6] produced a series of mechanically alloyed Nd-Fe-B-Si powders that
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Figure 14: Dependence of density and magnetic properties on compaction temper-
ature for hot pressed mechanically alloyed powder of composition Nd9.5Fe85Si1B4.5.
[6]
were then hot pressed to produce bulk samples. Figure 14 shows the dependence of
density and magnetic properties on compaction temperature for the alloy with the
best magnetic performance, Nd9.5Fe85Si1B4.5. The figure shows that there is a trade
off between density and magnetic properties. As the hot pressing temperature is
increased, the density increases but the coercivity and remanence decrease. This is
attributed to an increase in the soft grain size that degrades the exchange coupling.
The trade off between density and magnetic properties can be mitigated by us-
ing a warm compaction process, which is similar to hot pressing but uses a lower
temperature (less than 700 oC) and a higher pressure (2.5-3.8 GPa) [54, 55]. Rong
et al. [55] used the warm compaction technique consolidate ball-milled composites
of SmCo/FeCo. Figure 15 shows the dependence of grain size, density and mag-
netic properties on compaction temperature. The compacts reach full density for
compaction temperatures of approximately 550 oC, which corresponds to the temper-
ature at which significant grain growth begins to occur. The energy product, however,
reaches a maximum around 400 oC. Rong et al. [54] also used warm compaction to
create an exchange coupled nanocomposite magnet by consolidating mixtures of FePt
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Figure 15: Dependence of grain size and magnetic properties on compaction temper-
ature in warm compacted samples of SmCo5/α-Fe ball milled composite powder.[55]
and Fe3O4 nanoparticles. Difficulties in fabricating nanoparticles have limited the ap-
plication of this technique to other more technologically important material systems,
such as Nd-Fe-B; however, there has been some recent progress in producing Nd-Fe-B
nanoparticles through surfactant assisted ball milling [56, 57].
The process of die-upsetting, in which a hot pressed magnet is removed from its
die and then hot pressed in a larger die to create a radial expansion and a reduction
in thickness, is an important technique for developing texture in some nanograined
magnetic materials. This technique will be discussed in detail in §2.2.
2.2 Texture
As noted in Section 2.1.1, the remnant magnetization of a material is directly depen-
dent upon the degree of alignment of the grains. Many engineering materials develop
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Figure 16: Shear stress - strain diagram for single crystal Nd2Fe14B with its (001)
plane oriented 45o from the compression direction. [59]
significant anisotropy from texture created during bulk forming processes such as
rolling, forging, or extrusion that rely on plastic flow of the material. Neodymium-
Iron-Boron, and most rare earth permanent magnet materials, however, do not ac-
commodate large amounts of plastic strain due to their limited dislocation mobility
[58].
Studies on single crystals of Nd2Fe14B indicate that dislocation motion is only pos-
sible at temperatures above 1000oC [59]. Figure 16 shows the shear stress verses strain
plot for a single crystal of Nd2Fe14B with its (001) plane oriented 45
o to the com-
pression direction. Since the (001) plane is the only active slip plane, this orientation
maximizes the shear stress in the sample [59]. Below 1000oC the stress-strain curve
is purely elastic, indicating that the sample fractured before deforming plastically.
Limited plastic deformation makes the use of traditional bulk forming processes
unsuitable for use on Nd2Fe14B. Instead, texture can be introduced into the material
using a magnetic field to rotate single domain particles into alignment [24]. Alter-
natively, texture can be created through die-upsetting, a diffusional process in which
properly oriented grains grow and misaligned grains shrink [60].
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2.2.1 Descriptions and Measurement of Texture
In order to formulate a quantitative description of texture, such as the orientation dis-
tribution function (ODF), a rigorous method for representing orientation is needed.
A common method is to state a particular orientation by specifying the crystallo-
graphic directions that are oriented with the bulk material axes, (hkl) [uvw], such
as the normal to the plane of a rolled metal and the axis parallel to the rolling di-
rection [61]. Real orientations are often idealized as the closest whole number index
orientation [62]. A more precise method is the use of the Euler angles. The Euler
angles represent a specific set of rotations relative to a specified sample axes. For
instance, for a rolled material, we begin with the crystal axes parallel to the axes of
the bulk material, such that [100], [010], and [001] axes are parallel to the rolling (x),
transverse (y), and normal directions (z) [61]. The rotations, as shown in Figure 17,
are about the [001] direction through an angle of α, about the [010] through β, and
again about the [001] direction through γ. Together these rotations can represent any
Figure 17: Diagrams illustrating the Euler transformations [63]
orientation, g, relative to the sample axes. The ODF, which describes the texture of
a material, is a function of g and is given by the fractional volume of crystallites with
an orientation from g to g + dg.
A particular crystallographic (hkl) plane only needs two parameters to be speci-
fied, β and γ. Thus, the orientation of the plane can be represented in a pole figure,
a stereographic projection of the orientation of the poles relative the sample on a
unit sphere. Alternatively, an inverse pole figure can be constructed from plotting
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the specimen orientations relative to the crystal axes [62].
The most common method for measurement of pole figures is via x-ray diffraction.
As the sample is rotated, the diffracted x-ray intensity is proportional to the number
of diffraction planes oriented to satisfy the Bragg condition and are perpendicular
to the plane of the incident and reflected beams. The proportionality constant will
depend on experimental conditions [61]. The third orientation coordinate, however,
remains undetermined by this method, thus, a single pole figure is insufficient to cal-
culate an orientation distribution function. Several methods have been developed to
calculate the ODF from multiple pole figures. Since all of these methods are complex,
automated software can be used to perform the calculation. Because crystal symme-
try can produce identical orientations with different Euler angles, the number of pole
figures required will depend on the symmetry of the crystal system of the material.
No exact analytical method for ODF calculation exists, and so most methods use
more pole figures than is mathematically necessary. Cubic systems typically require
3 or 4 pole figures, while hexagonal materials usually need 5 or 6 [62].
Until recently, more detailed information linking orientation with microstructural
features could only be obtained through selected area diffraction in a transmission
electron microscope. This process is too time consuming to use to gather enough data
to make any statistical analysis meaningful. Modern SEM and TEM techniques, how-
ever, have automated orientation measurement capabilities. Analysis of Kikuchi pat-
terns using backscatter electrons in an SEM is the most prominent of these techniques.
In addition to allowing direction measurement of the ODF, this technique also can
provide information on local variations in texture, interfacial texture, morphological-
texture relationships, as well as other microstructural-texture relationships [62]. The
resolution of this technique, approximately 1 micron, prevents its use in studying
nanograined materials, such as exchange-coupled nanocomposite magnets.
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2.2.2 Texture by Alignment in a Magnetic Field
One main way texture is produced in rare-earth permanent magnets is through align-
ment in a magnetic field. The alloy is prepared by melting under vacuum and casting.
The cast ingot is then crushed and milled to produce a small uniform particle size
near the critical size for single domain behavior. For the Nd-Fe-B system, this is
usually around 1 to 3 microns. This powder is then aligned in a magnetic field before
being pressed and sintered, in order to achieve a very sharp fiber texture along the
easy axis of magnetization [64, 24].
Texture is achieved as the particles rotate into alignment with the magnetic field.
This requires that each particle have a single magnetic domain, since a multidomain
particle will be magnetically isotropic and have no net torque. However, a magnetic
particle does not need to be smaller than the critical size for a single domain. If the
particle is slightly larger than the critical size, a strong enough field can first produce
a single domain state in the particle and then produce a torque on the particle.
However, if the particle is polycrystalline and isotropic, no texture will be created
since the isotropic arrangement of grains will rotate together.
During the early stages of development of Nd-Fe-B magnets, the alignment and
pressing were performed under static fields in a traditional die press set up. Applying
an axial magnetic field during die pressing was the most common method used, since
it allowed for the production of a wide variety of shapes [65]. In this setup, however,
the deformation texture produced competed against the alignment from the magnetic
field. Use of a transverse magnetic field produced better alignment but limited part
shapes. In both cases, a static field is needed throughout the compaction process to
maintain the alignment.
Isostatic pressing is able to surpass the alignment of both die pressing techniques
[65]. Isostatic pressing does not significantly alter the texture of the material, thus no
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Figure 18: (a) Comparison of remanence as a function of the alignment field strength
for rubber isostatic pressing versus several forms of traditional die pressing for Nd-
Fe-B powder at 37% packing density [65]. (b) Energy product as a function of the
alignment field strength for pulsed magnetic fields applied axially only and for alter-
nating between axial and transverse [66]
field, or a relatively small field, is needed to keep the alignment . This allows the align-
ment step to be performed separately, creating the opportunity for the use of pulsed
fields, which are much easier to create at high levels. The use of a strong magnetic
pulse can also break up aggregates, creating a sharper alignment than a static field
[64]. Sagawa and Nagata’s [65] original investigation into pseudo-isostatic pressing
using axially pressed rubber dies clearly demonstrated the advantage of the technique
over conventional die pressing. Other investigations have found that alternating mag-
netic pulses between axial and transverse directions provides further improvement in
the particle alignment [66]. Figure 18 compares the magnetic properties produced by
the various techniques mentioned. In the case of materials with an easy plane of mag-
netization, where the c-axis is often the hard direction of magnetization, alignment
is achieved by rotating the sample in a magnetic field [67, 68].
The powder alignment can also be affected by the initial packing density [65].
Interparticle friction will increase as packing density increases, limiting the ability
of particles to rearrange and rotate. Use of pulsed fields, and especially alternating
pulsed fields, allows for the use of a wider range of packing densities than conventional
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Figure 19: Energy product of magnets pressed at various initial packing densities.
[66]
Figure 20: Pole figure for the easy axis, c-axis, of a very high energy product magnet.
Contours are multiples of random intensity [66].
die pressing. Typically die pressing cannot exceed 20% packing density with out loss
of particle rotation. Figure 19 shows the relationship between packing density and
the resulting energy product of the magnets produced.
The degree of alignment needed to achieve very high energy products in Nd2Fe14B
is shown in the pole figure in Figure 20. Using very high pulsed fields with isostatic
pressing, alignment coefficients of 99% can be reached [69]. Axial die pressing typically
produces alignment coefficients of around 90% [70].
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2.2.3 Texture by Die Upsetting
As noted in §2.2.2 polycrystalline powders are not suitable for alignment in a magnetic
field. Texture can be produced in some polycrystalline magnetic materials by die
upsetting. The die upsetting process consists of hot-pressing the magnetic powder in
a die so that it reaches full density. The compact is then removed from the die and
placed in a larger die so that it is not constrained around the circumference. The
compact is heated and pressed so that its height is reduced and diameter increases.
This process is typically used on melt-spun powders, whose isotropic and equiaxed
grain structure becomes elongated perpendicular to the pressing direction during the
die upsetting process.
Although the material is mechanically deformed during die upsetting, the process
does not rely on typical mechanisms of plastic deformation such as dislocation motion
or twinning. Instead alignment in die upsetting is a diffusional process. In the model
put forth by Li and Graham [71, 60], the low melting point Nd-rich grain described
in §2.1.2, serves as a fast diffusion path when in the liquid phase. Properly oriented
grains, those with their c-axis parallel to the pressing direction, grow, becoming elon-
gated and slightly thicker. Improperly oriented grains shrink and mass transport
between the two occurs mainly through the grain boundary.
The driving force for diffusion is a concentration gradient in the liquid boundary
phase. According to Li and Graham [71, 60], an isotropic sample of Nd2Fe14B under-
going uniaxial strain during die pressing will have a certain fraction of grains with the
c-axis aligned parallel to the pressing direction. Since the the c direction has the low-
est elastic constant, these grains will have a lower strain energy than the surrounding
grains [72, 60]. The difference in strain energy drives the diffusion between grains.
Figure 21 depicts Li and Grahams’s model in which grains, idealized as 50 nm
cubes, combine to form 250 nm X 250 nm X 50 nm platelet grains. In support of this
model, the authors note that post die upsetting grains will have their c-axis aligned
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Figure 21: Schematic of recrystallization behavior in die upset magnets with approx-
imately 50 nm initial grain size [60]
to within 15o of the pressing direction. If properly aligned grains serve as the nucleus
for recrystallization, then approximately 1 in 29 would be within this 15o range. This
loosely agrees with their model in which 1 in 27 serves as the nucleus. Additionally,
when the die upset magnet has undergone a height reduction of 60% to 70% the
alignment becomes saturated. This seems to agree with the model in which a 150
nm tall group of grains combines to from a 50 nm thick grain, producing a height
reduction similar to the 60% to 70% limit [60].
This model also explains several of the features of die upsetting. During initial
hot pressing, in which porosity is removed, the material is under hydrostatic pressure.
This means there is no difference in elastic energy between grains, no driving force for
diffusion, and no significant texture developed. The Hall-Petch relationship does not
apply to die upsetting, since smaller grains result in a shorter diffusion distance and
therefore the bulk is more easily deformed. Additionally, when temperature increases,
the stress needed is lowered, since the diffusivity has increased and less driving force
is needed [60].
The temperature-stress-strain rate relationship was investigated by Grünberg et
al. [13] for two commonly used nanograined Nd-Fe-B powders, MQP-A (containing
14 atomic % Nd) and MQP-B (containing 12% Nd) produced by Magnaquench, Inc..
The authors first demonstrated that these materials do not work harden for strains
below 50%, meaning that there is a single value of flow stress for a given strain rate
and temperature. The flow stress verses temperature relationship, shown in Figure
22, follows the Arrhenius relationship and is linear on a log-log plot for temperatures
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Figure 22: Plot of the strain rate verse temperature dependence of nanocrystalline
Nd-Fe-B with two different amounts of Nd content. MQP-A = 14% Nd. MQP-B =
12% Nd. [13]
that extend below the melting point of the Nd-rich grain boundary phase. This
indicates that the grain boundary phase does not have to be in the liquid phase to
allow die upsetting. This was confirmed by studies of the diffusivity of Nd and Fe
in the grain boundary phase using radioactive tracer atoms [73]. The diffusivity of
Nd remained high at temperatures down to 600oC, below the 665oC melting point of
the grain boundary phase. In addition, the diffusivity for Nd and Fe were similar,
despite the large difference in atom sizes, suggesting that diffusion is not the rate
limiting factor in die upsetting[73]. However, Grünberg et al., showed that the flow
stress and temperature required for die upsetting at a particular strain rate decrease
as Nd content increases, suggesting that the excess Nd aides the diffusion-deformation
process [13].
Several studies have shown that low Nd content, below the stoichiometric point
of 11.8%, reduces the ability of die upset material to produce texture. Leonowicz et
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al. [74] developed a series of melt-spun alloys with varying Nd content. Figure 2.2.3
shows the dependece of various magnetic properties on Nd. All three graphs show
significant differences between the Nd-rich (greater than 12%) region and the Nd-
lean (less than 12%) region. In the Nd-rich region shown in Figure 23(a), increasing
the Nd content lowers the remanence, since the fraction of Nd2Fe14B is decreased.
The coercivity increases because the additional Nd in the grain boundaries helps to
inhibit nucleation of reversed magnetic domains. In the Nd-lean region, decreasing
Nd content increases the fraction of α-Fe phase, thereby increasing the remanence.
The magnetically soft α-Fe phase also reduces the coercivity. Even as the remanence
increases with decreasing Nd, remanence values are still considerably lower than those
found in the Nd-rich region. The reason for this can be seen in Figure 23(b) as being
due to a lack of anisotropy in the Nd-lean region. The anisotropy, as measured by
the ratio of the magnetization parallel and perpendicular to the die upset direction,
is essentially 1 (isotropic) until the Nd-content is increased past the 12% mark. Since
the stoichiometric point is 11.8%, samples above the 12% point will have significant
amounts of excess Nd. As a result, the Nd-lean samples have low energy products,
as shown in Figure 23(c).
Recently magnets have been fabricated with higher anisotropy in the Nd-lean
region [9, 7]. In these samples the anisotropy decreases rapidly as the volume fraction
of α-Fe phase increases past a couple of percent. Liu et al. [75, 76] showed that a
slight c-axis texture can be produced in samples with 9% Nd when intially amorphous
powder is used. The authors suggest that under uniaxial pressure, the amorphous
material will nucleate and grow crystals in a preffered direction. The alignment
developed in these samples was very limited; the anisotropy ratio (Jz/Jx) for the best
sample was approximately 1.25 [76].
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(a) Coercivity (JHc) and Remanence (Jr) verse Nd content
(b) Anisotropy (Jz/Jx) verse Nd content
(c) Energy Product (BHmax) verse Nd content
Figure 23: Dependence of magnetic properties on Nd content for melt-spun and die
upset magnets [74].
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2.3 Shock Compression and High Strain Rate Deformation
As discussed in §2.1.4 and §2.1.5, conventional means of processing exchange-coupled
magnets such as hot pressing requires precise control of temperature, heating time,
and composition. Exchange-coupled magnets fabricated to date have been able to
only match the magnetic properties of single-phase materials for isotropic magnets and
techniques for developing significant texture are lacking. The use of shock compression
and high strain rate deformation to process magnetic materials has the potential to
provide a significant advantage to hot pressing by allowing consolidation of magnetic
powders without extended heating times. The following section describes some basic
concepts of shock compression.
2.3.1 Shock Compression Theory
Conventional mechanics of materials assumes quasi-static loading conditions such
that at any point a volume element is assumed to be in mechanical equilibrium. A
high speed impact between two bodies creates a non-equilibrium loading condition,
producing large magnitude stress waves that propagate through the bodies involved.
Low amplitude stress waves produce only elastic effects. If the amplitude of the
wave is sufficiently large such that any instantaneous state of stress is much larger
than the dynamic yield stress, then the material can be considered to flow freely,
or hydro-dynamically. This assumption is equivalent to assuming the material is in
a hydrostatic state of stress, or that σx = σy = σz = −P [77]. The propagating
disturbance is termed a shock wave, since it produces discontinuities in pressure,
density, and particle velocity between the shocked and unshocked regions. The jump
conditions describing conservation of mass (Eq 13), momentum (Eq 14), and energy
(Eq 15) across the shock front, are expressed by the following equations.
ρ0Us = ρ(Us − Up) (13)
P = ρ0UsUp (14)
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E − E0 =
1
2
P (V0 − V ) (15)
The shocked material is at pressure P , internal energy E, and density ρ, while P0,
E0, and ρ0 represent the corresponding unshocked states. V is the specific volume,
so that V = 1
ρ
. The shock front moves at velocity Us, and the particles in the
region behind the shock front move at a velocity Up [77]. Equation 15 depends upon
the approximation that no energy is lost to thermal conduction or radiation. This
assumption is often valid since the microsecond time scale of shock events is much
shorter than the time scale for thermal equilibration. One additional equation, the
equation of state (EOS), also known as the Hugoniot, is required in order to relate
all variables to a single input variable. The EOS is a material dependent empirical
relationship, which for most solid, non-reacting material systems follows a linear
behavior in Us − Up space, as shown in Equation 16, [78]
Us = C0 + S1Up (16)
where C0 is the sound speed and S1 is a constant for the material.
The Hugoniot can be shown as a representation of any two of the shock parame-
ters. Figure 24 shows an example of the Hugoniot for a solid material expressed as a
pressure - specific volume, P − V , relationship. The Hugoniot represents the locus of
all shock states, not necessarily the shock loading path. The material will instead fol-
low the Rayleigh line from the initial state to the shock state, P1−V1−T1. Unloading
of the material is assumed to occur isentropically, and therefore the unloading path
follows the release isentrope shown in the Figure 24. The process is an irreversible
one, as the material will unload to a higher specific volume and temperature, V2 and
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Figure 24: Example Hugoniot in P-V space. The material begins at ambient pressure
and temperature, P0 and T0, and specific volume V0 and is shocked to state P1, V1, T1.
Unloading follows the release isentrope back to ambient pressure but has expanded
to specific volume, V2 and T2. [77]
T2, than the initial state. T1 and T2 can be found from Equations 17 and 18 [77].
T1 = T0 exp[(
γ0
V0
















)(V0 − V )] dV (17)
T2 = T1 exp[
γ0
V0
(V1 − V2)] (18)
Equation 17 is derived by combining Equation 15 with the combined first and second
laws of thermodynamics. Additionally, a substitution is made for the Gruüneisen
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Figure 25: Graphical method for determining the pressure and particle velocity at
the interface of two materials as a shock wave of amplitude P1 moves from high
impedance material A to low impedance material B. AR is the Hugoniot of material
A reflected across the vertical line containing point P1 − Up1 [77]
parameter, γ, which is defined by Equation 19




Calculation of both T1 and T2 is often practically limited by knowing the Gruüneisen
parameter accurately.
When a shock wave passes from one material to another, the pressure, P , and
particle velocity, Up, must necessarily be equal at the interface. A graphical solution
can be used for obtaining the pressure and particle velocity at the interface of two
materials using a straight forward approach employing a P − Up graph, as shown in
Figure 25. A shock wave of amplitude P1 is transmitted from material A to material
B. The reflected curve, AR, is constructed by reflecting the Hugoniot of material A
about the vertical line containing the point P1−Up1. A reflection is used to represent
a change in reference frame from material A to material B. The P −Up point for the
interface and for material B is found from the intersection of the reflected Hugoniot
of A and the Hugoniot of B, P2 − Up2. The impedance, ρ0Us, is equal to the slope
of the line from the origin to the P − Up point. Therefore, a shock wave traveling
from a high impedance material to a lower one, as shown in Figure 25 will have a
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Figure 26: Generalized example of a VISAR trace showing particle velocity over time
for a shock wave. [77]
faster particle velocity but a lower pressure. In addition, a release wave proportional
in amplitude to the degree of impedance mismatch will reflect from the surface. The
opposite will be true for transmission of a shock wave into higher impedance material:
The pressure will increase, the particle speed will decrease, and an increased pressure
will reflect from the surface.
As noted earlier, the above analysis is dependent upon the assumption that
strength effects in the material can be ignored and that the stress state is equiva-
lent to a hydrostatic stress state. Some materials have a high enough strength that
the hydrodynamic assumption is not valid in a strict sense. In these cases a shock
wave may be proceeded by an elastic wave equal in amplitude to the elastic limit of
the material, called the Hugoniot Elastic Limit (HEL). Figure 26 shows generalized
example of a Velocity Interferometer System for Any Reflector (VISAR) trace, which
measures the particle velocity (or pressure, if the Hugoniot is known) of the shock
wave over time. Initially, the velocity rises rapidly up to the point of the HEL. A
shoulder occurs at the HEL, and above this point, plastic deformation occurs. In
some cases, a second shoulder may occur that represents a phase transformation.
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Figure 27: P − V space Hugoniot for a solid and porous material. The shaded areas
illustrate the amount of energy deposited by shock wave. [77]
Shock induced phase transformations will be discussed further in §2.3.4. Since the
shock wave speed increases with pressure, a high enough amplitude shock will travel
faster than the elastic wave, and the HEL will not be visible in a VISAR trace.
2.3.2 Shock Waves in Porous Media
A porous or distended material will have a lower density than its solid counterpart,
and so, from Eq. 14, it must necessarily have a different Hugoniot. Figure 27 displays
the differences in energy deposited by a shock wave of equal pressure for a solid and
porous material as calculated by Eq. 15. The Mie-Grüneisen equation, shown in
Equation 20, is one way of estimating the difference between the solid and porous
Hugoniot. This equation can be seen to follow naturally from the definition of the
Grüneisen parameter shown in Eq. 19. A P − V relationship, as shown in Equation
21, can be developed by combining Eq. 20 with the jump conditions, Equations 13,14,
47
and 15, and a linear EOS.
P = PS +
γ
V
(E − ES) (20)
P =
[2VS − γ(V0 − VS)]C2(V0 − VS)
[2VS − γ(V00 − VS)][V0 − S(V0 − VS)]2
(21)
The subscript s refers to properties of the solid material, and V00 is the initial volume
of the porous material. The Mie-Grüneisen equation ignores any strength effects. It
basically assumes that a porous material will crush up to solid density at a negligible
pressure. This assumption is reasonable when using very high shock pressures or for
materials with a low crush strength.
The temperature rise associated with shock compression of porous materials can
be estimated by assuming that the total shock energy, represented by the shaded
area in Figure 27 is converted into internal energy. The temperature rise can then be
estimated if the specific heat of the material is known. If the temperature rise is not
large, the specific heat can be assumed to be constant. Therefore, the temperature




P (V00 − VS)/Cp (22)
The temperature calculated using Eq. 22 can be viewed as an upper bound to
the shock temperature, since portions of the shock energy must inevitably be stored
as defects created by mechanical deformation. However, in many cases the defect
energy is a small portion of the total energy. Schwarz et al. [14] conducted shock
compaction experiments on a combination of copper and constantan powder that
provided a thermocouple effect and allowed for in situ temperature measurements.
Figure 28(a) shows the setup of the experiments. A shock temperature verse shock
energy plot is shown in Figure 28(b). The authors use an equation similar to Eq.
22 to calculate the shock energy, with the main difference being that the specific
heat is integrated over the temperature range. The calculated temperature is marked
by the solid line in the figure and a good correlation is shown with the measured
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(a) Schematic of shock temperature measurements
(b) Shock temperature verse Shock Energy
Figure 28: (a) Schematic of shock compaction experiments on copper and constantin
powder that provide in situ measurements of temperature and (b) corresponding plot
of shock temperature verse shock energy. [14]
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temperatures.
The temperature calculated using Eq. 28 is the mean bulk temperature rise.
Significantly higher temperature spikes are expected at the point contacts between
particles. The timescale of a temperature spike is typically on the order of the rise
time of the shock wave, tens of nanoseconds, and the temperature equilibrates to the
bulk temperature calculated from Equation 22 after a few hundred nanoseconds [14].
The P-α model is commonly used to estimate strength effects on the porous Hugo-
niot [79]. The P-α model uses the α parameter to model the distention of the system,





V is the specific volume of the porous material, and Vs is the specific volume of the
material after complete crush up, which can be calculated using Eq. 21. The α
parameter separates compression of the material from collapse of the pores. A third
order series expansion of the α parameter has been commonly employed [80]. This
formulation simplifies to the form shown in Equation 24.






Pe is the pressure at which the porous material no longer behaves elastically, and αP
is the corresponding distention. Pc is the crush strength. The constant n is typically
set to 2.
A common practical challenge in implementing the P-α model is determining the
crush strength of a porous material. The Fishmeister-Artz relationship [81], which
models compaction of homogeneous spheres of similar size, can be used as an estimate.
A simplified version was developed by Helle et al. [82] for relative densities below






Py is the pressure needed to achieve a relative density D, starting from an initial
relative fractional density of D0. The powder mixture has an effective yield strength
of σ0. Although this model was developed for quasi-static loading of material, it can
be used as a lower bound for approximating the the crush strength. The method
employs fitting a P −D curve to measured data points under quasi-static conditions
such as die-pressing.
The Fischmeister-Artz model for use in the D 90% regime approaches full densi-
fication assymptotically. In practice, one can assume full density is reached at some
value of D near, but less than 1; however, the crush strength then becomes very sensi-
tive to the value of D chosen. Alternatively, the simplified version of Helle et al. [82]
can be extended to full compaction, implying that the crush strength is aproximately
3 times the yield strength. This can serve either as a rough estimate of the crush
strength or the lower bound of the crush strength.
2.3.3 Deformation and Bonding Mechanisms
The previous sections described the behavior of shock loaded materials on a continuum
level, while this section will look at microstructural effects of shock compaction. For
ductile materials, dislocation generation and motion is an important deformation
mechanism. The model developed by Meyers [83, 77] holds that the shock wave
generates dislocations through homogeneous nucleation at the shock front. The shock
wave initially creates a uniaxial strain that necessitates a deviatoric component to
the stress condition. Dislocations form to relieve the deviatoric stress, but move at a
slower speed than the shock wave. Thus, additional dislocations are generated as the
shock wave travels through the material. Metals with a high stacking fault energy
energy (SFE) will have little separation of dislocations and closely spaced partial
dislocations [77]. This will result in pockets of high dislocation density. Metals with
a higher SFE will also have a higher critical pressure needed for twinning [84]. Low
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SFE metals will tend to have more planar arrays of dislocations and more twinning
faults [77].
The deviatoric stress component to the shock wave loading condition can also
generate point defects. Shock loading can produce vacancy and interstitial defect
concentrations several times higher than cold rolling [85, 77]. Meyers and Murr [86]
attributed the high concentration of vacancies in shock loaded materials to noncon-
servative motion of dislocation jogs. The authors demonstrate that the jogs provide
less resistance to dislocation motion as the velocity of the dislocation increases. Shock
loading will produce high velocity dislocations that essentially “drag along” the jogs,
creating many point defects[77].
Deformation in low ductility materials, such as ceramics, will often involve signifi-
cant cracking; however, there are several other important mechanisms for deformation
in low ductility materials. At high shock pressures, alumina exhibits extensive twin-
ning, and microcracks form at the intersection of twins with grain boundaries [87].
Shock loading of alumina has been observed to create bands of dislocations and gen-
erate additional dislocations near twins and microcracks [88]. Shock compaction has
been shown to create plastic deformation in a range of ceramic powders [89]. Figure
29 shows the residual lattice strain, as measured from size-strain analysis of XRD
patterns of shock compacted ceramic powders. It can be seen that not only ceramic
oxides, but also nitrides, carbides, and borides, have been shown to exhibit residual
lattice strain due to plasticity associated with the formation of dislocations. Certain
materials, such as alumina (Al2O3), begin to show residual lattice strain at relatively
low pressure (∼ 1 GPa); however, titanium carbide (TiC) and titanium diboride
(TiB2) have a high critical pressure ( 12 GPa) in order to initiate plastic deformation
[89].
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Figure 29: Plot of lattice strain verses shock pressure for a range of shock compacted
ceramic powders. [89]
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The previous section described how the Fischmeister-Artz model can be used to
estimate the crush strength of a porous material; however, a powder compact which
has been shock loaded up to its crush strength may not necessarily have bulk strength
due to lack of interparticle bonding. Bonding between particles is driven by localized
deposition of shock energy at the particle surface [90]. The shock energy is assumed
to be preferentially deposited at particle surfaces during the rise time of the shock
wave [91]. For porous materials that are shocked to near the solid density, the shock
width will be approximately equal to average particle diameter, D. Therefore, the
rise time is given by τ ∼ D/Us.
For shock compaction of metal powders, extensive plastic deformation occurs at
interparticle surfaces, creating localized heating. This may lead to melting and strong
interparticle bonding. Figure 30(a) shows an optical micrograph of shock consolidated
Inconel powder [92]. The micrograph also shows shrinkage voids (D) which can form
after resolidification of melted regions and parachute shaped grains (A) that form
through plastic deformation.
Shock compaction of ceramic materials is dependent upon both plastic deforma-
tion and fracture [90]. Particle fracture helps to create clean surfaces that aide in
solid state bonding [93]. The micrograph in Figure 30(b) shows an example of shock
compacted silicon carbide with extensive particle fracture [92]. For materials with
fracture as the dominant deformation mechanism, a significant amount of particle
size reduction is expected [90]. Samples with significant amount of plastic deforma-
tion will see an increase in residual lattice strain, while those undergoing fracture will
reveal crystallite size reduction.
The deformation mechanism (plastic or fracture) has been shown to be dependent
upon pressure and initial particle size for some low plasticity materials. Figure 31
shows the results of shock compaction experiments performed on differing grades of
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(a) Optical micrograph of shock compacted Inconel powder
(b) Micrograph of shock compacted silicon carbide
Figure 30: Micrographs showing microstructural features typical for shock compacted
metal powders (a) and ceramic powders (b). Bonding between metal particles occurs
mainly by melting at the particle surface, marked by “B”. Also marked are shrinkage
voids “D” and parachute shaped grains “A” which form from plastic deformation of
the original grains. Bonding between ceramic particles is aided by particle fracture,
as shown in the micrograph in part (b). [92]
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Figure 31: Plot of lattice strain and crystallite size versus peak shock pressure for
different grades of diamond particles. Crystallite size plots are marked with open
symbols and lattice strain is marked with filled symbols. [90]
diamond powder [90]. The graphs show the relationship of lattice strain or crystal-
lite size with peak shock pressure. In most diamond samples, increasing the shock
pressure increases both the lattice strain and the crystallite size. This means the
deformation mechanism shifts from fracture to lattice strain as pressure increases.
At lower pressures (peak pressure < 80 GPa), there is little difference between the
behavior of large and small diamond particles. The recovered samples had very little
lattice strain and had crystallite sizes in the range of 25-45 nm for all initial particle
sizes. As pressure increases, certain grades (2-4 µm and 10-20µm) have increased
lattice strain and crystallite size, while the largest (20-40 µm) and smallest (0-0.5
µm) grades show relatively little increase in lattice strain. In all cases, increases in
the amount of lattice strain correlate with increases in grain size. This indicates that
fracture and plastic deformation are competing mechanisms.
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2.3.4 Mechanisms of Phase Transformations in Shock Compacted Mate-
rials
Phase transformations in shock compacted materials can take place by a variety of
different mechanisms. Allotropic phase transformations are often driven by a shift to
a higher density phase under high pressure, such as the formation of diamond from
graphite [94, 95] or the BCC to HCP (α to ε) transition in iron [96]. Tensile waves
can create an phase transition to a lower density phase, as in the case of martensitic
transformations iron [97, 98].
Two types of reactions have been identified in shock compacted materials, shock
assisted and shock induced reactions [99]. Shock induced creations occur while the
materials is in the shock compressed state, while shock assisted reactions occur after
unloading and are thermally activated by the heat generated from mechanical com-
pression and deformation. While allotropic phase transformations serve as one exam-
ple of shock induced reactions, decomposition reactions [100] and reactions forming
intermetallic compounds [101] and have also been classified as shock induced reac-
tions. As noted in §2.3.1, shock induced reactions may appear as a shoulder (transition
point) in a VISAR trace, since they occur while in shock compressed state.
Chemical reactions can be added by the deformation associated with shock com-
paction. Dremin and Breusov [102] developed the ROLLER model, in which mixing
and alloying of occurs as particles slide past each other, to describe reactions in shock
compacted mixtures of metal particles. Nucleation of the new phase occurs at the
particle interfaces and mass transport is accomplished by plastic flow around the
nucleation sites. Batsanov [103, 104] has theorized that crystalline to amorphous
transitions in shock compressed materials such as SiO2 occur when the grain size has
been reduced to such an extent that the surface energy exceeds the heat of melting.
Shock assisted reactions, occurring after the passage of the shock wave, are gen-
erally driven by the temperature rise associated with shock compaction; however,
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the deformation produced during shock compaction can alter the reactivity of the
material. In shock compacted nickel-aluminum mixtures, the generation of addition
defects, such as vacancies and grain boundaries, increases the available paths for mass
transport, creating a shock-modified material with defect enhanced solid state diffu-
sion [101, 99]. Certain materials, such as Nd2O3 and Sm2F3, form a lower density
material during shock compaction [105]. These transformations are thought to un-
dergo a crystalline to amorphous transition while under high pressure, followed by
crystallization of the lower density phase after unloading of the shock wave due to
thermal effects.
2.4 Shock Compaction of Magnetic Powders
There have been few published reports of shock compaction studies performed on
permanent magnetic materials. The following discussion provides a thorough review
of the literature available at the time of this writing. Unless otherwise noted, the
studies in each subsection are presented in chronological order for each magnetic
material investigated.
2.4.1 Shock Compaction of Nd-Fe-B
An early study on shock compaction of Nd-Fe-B melt-spun powder attempted to
perform shock equation of state measurements and recovery experiments [106]. An
unusual method of measuring the shock speed through the powder was used. The
authors used a piston setup to produce the compaction and measured the shock
arrival time through the wall of the die. No explanation was given as to how the
impact event produced a lateral shock wave through the die wall. As a result, the
Hugoniot data shows a large scatter in the data, including non-overlapping shock
speed measurements for the same shock pressure.
Recovery experiments were performed over a range of low shock pressures, which
were calculated from the unusual Hugoniot measurements. Figure 32 shows the etched
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Figure 32: Optical micrographs of etched Nd-Fe-B recovered compacts subjected to
primary shock pressures of (a) 850 (b) 1100 and (c) 2050 MPa. A micrograph of
a compact loaded quasi-statically at 850 MPa is shown in part (d) for comparison.
[106]
micrograph of compacts with primary shock loading pressures of 850, 1100, and 2050
MPa. Additionally, a compact loaded under 850 MPa of quasi-static pressure is shown
for comparison. Micrographs of the three shock loaded samples show lower porosity
and less fracture as compared with the quasi-statically loaded compact. The authors
[106] assert that plastic flow can be observed in the shock loaded particles. Hardness
tests of shock compacted powder showed no significant change from the uncompacted
hardness of 900 HV up to a shock pressure of 2050 MPa. The authors attribute the
increase in hardness to the onset of plastic deformation in the material.
A compaction study of ball milled Nd-Fe-B was performed in the higher pressure
range or 5-20 GPa by Chandramouli et al. [107]. Powders composed of Nd-Fe-B and
Nd-Fe-B mixed with 10% aluminum were pressed into capsules to an approximate
density of 60% theoretical maximum density (TMD). After compaction, the unmixed
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Nd-Fe-B powder compacts reached ∼70% TMD. In addition, it was found that sam-
ples compacted at higher pressure, around 20 GPa, had formed α-iron as the main
crystalline phase. The authors attributed this change to partial melting of the powder
during the shock compression process. The addition of aluminum powder improved
the compaction behavior such that 85% TMD compacts were produced.
Guruswamy et al. [108] performed a series of explosive compaction experiments
on Magnaquench Powders MQP-A and MQP-B, similar to the powders discussed in
§2.2.3. Both powders were compacted using an initial shock pressure of 6 GPa. The
resulting compacts were approximately 95% dense and had energy products, 11-14
MGOe, superior to bonded magnets made from the same powder and equivalent to
hot pressed magnets. The powders were initially isotropic and showed no significant
anisotropy after shock loading.
Ando et al. [109] studied explosive compaction of amorphous Nd-Fe-B powder of
composition Nd13Fe77Co5B5. While the initial density was not reported, the shock
consolidated compacts achieved 97% TMD. The high density was achieved in part
through reduction of reflected shock waves by the use of momentum traps. The
detonation velocity of the explosive used was aproxiamtely 7 km/s, but the shock
pressure in the compact was not reported. Additionally, no results were reported to
show evidence of the amorphous structure of either the original powder or the shocked
compacts. Melted regions were observed in SEM micrographs and the authors assume
that these regions crystallize into the 2-14-1 phase. A slight increase in remanence,
from 8.0 to 8.5 kG, was reported for the shock conslidated compacts as compared to
the powder. Although not mentioned by the authors, this increase may be attributed
to the crystallization of the material in the melted regions.
An explosive compaction study was performed by Liu et al. [110] on nanocrys-
talline Magnaquench powder MQLP-B. The powder was pressed to 67% TMD and the
detonation velocity of the explosive used was 6.5 km/s, corresponding to a maximum
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Figure 33: SEM micrograph of the melt regions in explosive compacted Nd-Fe-B
melt-spun powder. [110]
pressure of 13 GPa. No momentum traps were used, and a compact density of around
88% TMD was produced. No significant grain growth was observed, however, large
melted regions were formed between particles. Figure 33 shows the microstructure of
the melted regions, called an ”alveolate” microstructure by the authors.
Lin et al. [111] studied shock compaction of melt-spun Nd-Fe-B powders with
Al, Si, and Zr alloying elements. Compacts of composition Nd13Fe80B6Zr1 produced
significantly larger coercivity and energy products, as compared to those mixed with
silicon and aluminum; however, comparing these results to other studies is difficult
since the authors report unrealistic data, such as an intrinsic coercivity of 20T.
Kawano et al. reported an underwater shock compaction study of Nd-Fe-B, but
provided few details of the material and its properties [112].
2.4.2 Shock Compaction of Hard-Soft Magnetic Nanocomposites
A study by Leonowicz et al. [113, 114] compared shock compacted Pr-Fe-B samples
with high and low Pr content. The precursor powder materials were pressed into
copper capsules for explosive compaction at 4.4 GPa. The compact densities for the
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Pr-Fe-B samples were not reported other than to say that that the Pr-lean compacts
were more porous than the Pr-rich samples. The average grain size of the shock
compacted samples, 50 nm, was similar to that of the starting powder, although some
grains over 100 nm were found. The Pr-lean shock compacted samples had a higher
remanence, 0.96 T versus 0.91 T or less, but much lower coercivity, 200 kA/m versus
600 kA/m or higher, as compared to Pr-rich samples. In the same reports, the authors
also studied Sm-Fe-N nitride samples; however, XRD scans showed large amounts of
SmN and α-Fe in the starting powder, and the resulting magnetic properties were
poor.
A study by Saito et al. [115] investigated shock compaction of amorphous Nd4Fe77.5B18.5
melt-spun ribbons. A shock pressure of 21 GPa was generated using plate impact
experiments, yielding shock compacts of 85% density. The amorphous phase was
retained in the shock consolidated compacts. Subsequent annealing between 5000C
and 6500C was performed, and the XRD traces of the annealed compacts are shown
in Figure 34. The XRD pattern of the sample annealed at 500oC is very similar to
the pattern of the as compacted material (not shown). Annealing at temperatures
of 550 to 650oC crystallized the material, producing Nd2Fe14B and Fe3B phases. For
the 700oC and 800oC temperature heat treatments, α-Fe became the dominant phase,
with small amounts of the Nd2Fe14B, Fe3B, and Fe2B phases present. The maximum
coercivity, 2.7 kOe, corresponded to the 600oC sample, which had a larger relative
amount of the Nd2Fe14B phase as compared to the samples annealed at 700 and
800oC.
A series of studies by Jin et al. [15, 116, 16, 117, 118] have characterized the shock
compaction response and magnetic properties of melt-spun nanocomposite powders of
composition 80% Pr2Fe14B and 20%-Fe. The authors [15] estimated the Us−Up EOS
for this material by mass averaging to be Us = 4.056km/s+ 1.446 ∗Up. Fully density
compacts were created by parallel plate impact experiments at 880 m/s. Magnetic
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Figure 34: XRD traces of amorphous melt-spun ribbons of composition
Nd4Fe77.5B18.5 following shock compaction and annealing. The samples were annealed
for 30 minutes at temperatures of a) 500oC, b) 550oC, c) 600oC, d) 650oC, e) 700oC,
and f) 800oC.
characterization showed an energy product similar to those produced by Guruswamy
et al. [108] for single phase powders, 11-14 MGOe. Varying initial packing density,
from 64% to 78%, resulted in only small changes in compact density and coercivity,
despite having different pressure-volume compressiblity behavior.
TEM micrographs showed that deformation in the shocked compressed compacts
is localized into shear bands, as shown in Figure 35. The micrograph in part (a)
shows the shear band passing through several Pr-Fe-B grains. The dark areas are α-Fe
grains, as shown by the dark field image in the inset. The micrograph in part (b) shows
the presence of an amorphous phase and small α-Fe crystallites in the shear band.
63
(a) (b)
Figure 35: TEM micrographs of a shear band in shock compacted Pr-Fe-B/α-Fe
composite. The lower magnification image in part (a) shows the shear band passing
through several Pr-Fe-B grains. The inset is a darkfield image, identifying the dark
areas in the brightfield images as α-Fe grains. The higher magnification image in part
(b) shows the presence of an amorphous phase in the shear band. [116]
The grain size distribution determined from TEM has shifted to a smaller average
grain size relative to the starting materials [16]. The authors attributed this effect
to shear bands that cleave the grains into smaller grains. Williamson-Hall analysis
of the original powder and shock compacted samples showed that shock compaction
also increases the microstrain [15]. This is at odds with TEM observations, which
showed no evidence of the presence of dislocations or defects in areas not near a shear
band [116].
Post shock compaction annealing performed at 600 oC, 700 oC and 800 0C for
20 minutes resulted in the grain size distribution increasing to near the original size.
The saturation magnetization increased when annealed at 6000C, which is attributed
to crystallization of the amorphous phase created during the shock event. Annealing
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also resulted in an increase in remanence as compared to the original material, which
is thought to be due to the refinement in grain size from increased exchange coupling.
Annealing at 8000C decreases remanence, which is thought to be caused by the pres-
ence of larger soft grains that are not properly exchange coupled. TEM micrographs
showed that grains of up to 50 nm were present in samples annealed at 800 oC, but
not in the original powder. Correspondingly, the hysteresis loop for 8000C annealed
samples showed a small kink. Likewise, the decrease in coercivity is also attributed
to increasing grain size.
Similar results were obtained by the authors when extending this work to explosive
compaction [117] and underwater shock consolidation [118] on the same powders.
2.4.3 Shock Compaction of SmCo5
Chau et al. [119] performed shock compaction of ball milled SmCo5 powders. A simple
compaction set up was used with no momentum traps. The authors attempted to
align several of their samples in a 1T static field prior to uniaxial pressing at 8000
psi. Aligned samples had a green density of approximately 50%, while unaligned
samples were preloaded to around 62% TMD. Shock pressures of 2-27 GPa were used
to compact samples to densities from 50% to 85%. While squareness values, Br
4πMs
,
for aligned samples were as high as 0.95, the highest anisotropy values, Brx
Brz
, reported
were only 1.4. Several unaligned samples had squareness values well over the 0.5
mark. While not discussed by the authors, the high squareness values reported may
be due in part to exchange coupling, instead of grain alignment. The authors show
the post milling particle size, but do not discuss the grain size.
2.4.4 Shock Compaction of Sm-Fe-N
Hu et al. [120] performed one of the first investigations using shock compaction
to produce bulk Sm2Fe17N3 magnets. The Sm2Fe17N3 powder was ball milled and
aligned in a 1.5T field prior to explosive compaction. The density of the recovered
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compacts were in the 78-89% range of TMD. The microstructure of the starting
powder is not shown; however, the microstructure of the recovered compacts shows
two distinct regions with differing grain size. Figure 36 a) shows a TEM micrograph
of a large defect free grain. The corresponding diffraction pattern, shown in Figure
36 b) matched the Sm2Fe17N3 phase, while other areas had small, 0.1 µm, grains.
The TEM diffraction pattern for the small grain areas match α-Fe and other phases.
Figure 37 shows the hysteresis loops for the shock compacted samples and the
as-milled powder. Hu et al. [120] note that the shock compacted sample shows
an increased squareness relative to the ball milled powder; however, the squareness,
usually defined as Mr/Ms, can not be determined from this portion of the hysteresis
loop. Thus, the degree of alignment for the starting powder or the recovered compact
can not be determined either. It is possible that ball-milling the Sm-Fe-N powder
creates polycrystalline particles that will not be suitable for alignment by magnetic
field.
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Figure 36: TEM micrographs and diffraction patterns of shock consolidated Sm-Fe-
N powder. (a) a large defect free grain (b) diffraction pattern of defect free grain
which matches the expected pattern of Sm2Fe17N3 (c) microstructural region with
small grains, approximately 0.1 µm (d) diffraction pattern for small grain area which
matches α-Fe and other, unidentified phases. The magnification for the images, (a)
and (c), is 105. Lλ=3.071 cmÅfor the diffraction patterns, (b) and (d). [120]
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Figure 37: Demagnetization curves for (a) shock compacted Sm2Fe17N3 and (b) the
as-milled powder for three sizes of milled powder, (C) 5 µm (D) 3 µm and (E) 1 µm.
[120]
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Oda et al. [121] performed a series of shock compaction experiments on Sm-Fe-N
using a propellant gun and shock fixtures with momentum traps. The samples were
pre-pressed under a 0.55T static magnetic field to a green density of approximately
70% TMD. The compacts were heated to 300oC for 20 minutes and then sealed in
an evacuated capsule. Shock pressures from 20 to 34 GPa were used, and highest
compact density, 97%, was achieved at 28 GPa. XRD of the recovered compact
showed a large amount of peak broadening as compared to the starting powder. In
addition, amorphous regions were detected via TEM imaging.
Mashimo et al. [122, 123, 124] performed a series of shock compaction experi-
ments on Sm-Fe-N . The first study [122] tested various methods of synthesizing the
Sm2Fe17N3 phase, resulting in a range of nitrogen content. Pellets were pressed under
a static field of 12 kOe and axial and isostatic pressure, yielding green compacts in the
46% to 52% range. The authors used the porous iron Hugoniot as an approximation
for the Hugionot of Sm2Fe17N3, and calculated a shock pressure of 10-30 GPa in the
capsules containing the samples. Shocked compact density was somewhat indepen-
dent of shock pressure in the region tested; however, samples with higher nitrogen
content tended to have lower compact densities. XRD patterns showed that the rel-
ative intensity of the α-Fe peak increased for shock pressures above 15 GPa. At 30
GPa, the compact had completely decomposed into SmN and α-Fe. The effects of
aligning the pellets in a magnetic field were not discussed in this report.
A subsequent attempt [123] used a similar pressing technique under magnet fields
followed by a hydrostatic pressing to a higher initial packing density of 61% to 64%
TMD. This produced less decomposition, but a lower remanence was also present,
which the authors attributed to scattering of the alignment by the shock wave. Ad-
ditionally, the compaction capsules were constructed in a way that allowed the shock
experiments to be performed in a vacuum. No clear trend was shown between the
ambient and vacuum experiments.
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Figure 38: Hysteresis loop of shock compacted Sm-Fe-N samples. [124]
A further study used both a propellant gun and explosive compaction and tested
higher initial packing densities [124]. The highest density compact, 7.47 g/cm3 (97%
TMD), was achieved for an impact velocity of 1240 m/s using a 2024-aluminum
impactor. Coercivity decreased with increasing impact speed, while volume fraction
of α-Fe increased, as shown by the relative intensity of XRD peaks. The highest energy
product, 22 MGOe, corresponded to the highest remanence, 11.4 kG, even though
other samples had higher coercivity and density. Figure 38 shows the hysteresis loop
for one of the high energy product samples. Explosively compacted samples had
lower densities and severe cracking in the center. These samples had significantly
worse magnetic properties.
Chiba et al. [125, 126] performed explosive compaction experiments on Sm-Fe-
N powders. The powders were packed into compaction fixtures at tap densities.
Certain samples were oriented in a 5T field normal to the shock propagation direc-
tion before detonation using an explosive with a detonation velocity of 2.4 km/s.
The XRD pattern for the as-compacted samples were consistent with the starting
powder. The compact density was not reported other than to say that it was fully
dense. The aligned samples had an energy product of 24 MGOe. Annealing above
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200oC decreased the energy product. Non-aligned samples had an energy product
approximately 1/4 of the aligned samples. The energy product was the only reported
magnetic property
A further report by Chiba et al. [126] examined both Sm-Fe-N and Sm-Fe-N mixed
with Ni and Co powders. The authors note that the Ni and Co powders, 40µm or less
in diameter, were intended to aide in consolidation, instead of providing an exchange-
coupled phase. An explosive with detonation speed of 2.4 km/s was used again, and
all samples were over 95% dense. Addition of the metallic powders lowered the energy
product achieved from 24 MGOe to 16-17 MGOe. No other magnetic properties were
reported.
A third study by this group examined Sm-Fe-N powders coated with an iron-
oxide layer [127]. The 3µm diameter particles, once coated, were approximately 15%
ferrite. A 1.5T field was used to align the powder, instead of the 5T as in previous
reports. The compaction pressure and explosive detonation speed were not reported,
but the samples were between 92-94% dense. The energy product of these samples
were roughly equivalent to the unaligned samples previously reported, approximately
6 MGOe.
2.4.5 State of the Art of Shock Compaction of Magnetic Materials
Shock compaction has been shown to be a useful technique for consolidating several
different magnetic materials to high density. Shock compaction has been applied to
Nd-Fe-B [107, 108], SmCo5 [119], and Sm-Fe-N [120, 128]; however, there are relatively
few studies of magnetically soft phases. Outside of elemental iron or nickel, studies
of high magnetization phases, such as Fe16N or Fe4N, have been not been performed.
For the case of Nd-Fe-B, the magnetic properties of shock compacted materials have
been shown to be equivalent to isotropic magnets fabricated by hot pressing [108].
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Shock compaction has also been used to consolidate melt-spun composites of Pr-
Fe-B / α-Fe, and the magnetic properties of these compacts are also equivalent to
the properties of traditional, rare earth rich isotropic magnets [15]. However, there
have been no attempts to make exchange-coupled composites of Sm-Fe-N, whose high
anisotropy would make it an ideal candidate for use as the hard magnetic phase. In
addition, there have been no attempts to make an anisotropic Nd-Fe-B magnetic
material through shock compaction.
Several studies of Sm-Fe-N have made an attempt to align the magnetic particles
prior to shock compaction [120, 121, 128, 125]; however, none of these report the
degree of alignment prior to shock compaction. As discussed in §2.2.2, relatively high
field strengths are required to achieve a well aligned green compact, and pulsed fields
create a better alignment than static fields for the same field strength. Most studies
reported using static magnetic fields of 1.5T or less. It is also important to note
that polycrystalline powders will produce less texture from magnetic field alignment.
Therefore, in many studies it is unclear what degree of alignment is achieved prior
to shock compaction. This severely complicates any evaluation of how the shock
compaction process affects the alignment.
Mashimo et al. [123] notes in one study that the shock consolidated samples had
a lower remanence than the starting materials and suggested that this effect is due
to the shock wave disturbing the alignment. Without knowing the degree of align-
ment present in the starting materials, it is difficult to know to what extent shock
compaction alters the alignment. Regardless, the compaction process will most likely
alter the texture of the green compacts in some way, but the degree to which any
alignment is changed will depend on the mechanism of deformation. Diffusional pro-
cesses, such as sintering and die-upsetting, can potentially increase the texture of
magnetic materials, whereas mechanical deformation processes such as plastic slip,
twinning, and shear banding will most likely decrease the texture if the degree of
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initial alignment is large. There has been very little attention paid to the types of
deformation mechanisms that occur in these magnetic materials during shock com-
paction. Hard magnetic materials such as Nd-Fe-B and Sm-Fe-N are very brittle,
and thus may have limited plastic slip during shock compaction. Only the studies
performed by Jin et al. [15] and Li et al. [116] examined the mechanism of deforma-
tion, however, the results were conflicting, with Williamson-Hall analysis suggesting
significant microstrain [15] and TEM micrographs showing evidence of shear banding
but no indications of dislocations [116].
As the study of shock compaction of magnetic materials progresses, more emphasis
needs to be placed on studying the structure of both the green compacts and the
shock consolidated compacts. Many shock compaction studies focus on the magnetic
properties of the recovered compact. While this is an important aspect, a lack of
texture or decomposition of the magnetic phase is the main factor limiting the energy
product in many cases. In order to understand how shock compaction affects a
material, it is necessary to well characterize the pre-shock compacted material and to
understand the process of deformation. This will aide in evaluating the development
of texture, by defining the initial amount of texture, and in studying decomposition,
by determining the purity of the starting materials. Additionally, more study is




This chapter will outline the material systems studied in this work and describe the
techniques used. The materials section will describe the characteristics of the various
magnetic powders in their as-received form, followed by an accounting of the meth-
ods used to characterize the materials. A brief description of powder pretreatment
techniques used prior to shock compaction is provided. The impact experiments sec-
tion discusses shock compaction, high strain forging, and time-resolved measurement
experiments used to examine the compaction behavior, mechanical texture develop-
ment, and the equation of state of the magnetic materials. The final section describes
the approach for modeling shock compaction experiments, including calculations of
important state variables.
3.1 Magnetic Materials Systems Investigated
A range of magnetic material systems were studied, listed in Table 4, in order to
determine which systems are suited for use in processing through shock compaction.
Soft magnetic materials based on α-Fe, γ′-Fe4N, and α
′′-Fe16N2 and hard magnetic
materials based on Nd2Fe14B and Sm2Fe17N3 were investigated. Composite materials
including Sm-Fe-N/Fe4N, Sm-Fe-N/Fe16N2, and Nd-Fe-B/α-Fe were formed by me-
chanical alloying or simple mixing of two kinds of magnetic particles. Pr-Fe-B/α-Fe
composite materials, provided by Magnaquench, Inc., were fabricated from melt-spun
ribbons. This section will describe the materials in their as-received form, while §3.3
will discuss methods for powder pretreatment and producing composites.
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γ’-Fe4N powder, supplied by AMC, was synthesized from freshly prepared iron oxyhy-
droxide, Fe(OOH). A few grams of Fe(OOH) were loaded into a fluidized bed reactor
and reduced to fine crystallites of bcc iron by heating the sample at 440 oC under
flowing hydrogen. The temperature is then lowered to 350oC and the sample is re-
acted with a flowing mixture of ammonia and nitrogen for several hours. The sample
is then cooled to room temperature.
Figure 39(a) shows the morphology of the as-received powder. The average di-
ameter of the typical particle is approximately 3 µm. The particles appear to be
polycrystalline, as shown by the fractured particle with smaller subgrains of approx-
imately 300 nm in diameter. Figure 39(b) shows the XRD trace for the as-received
powder. All major peaks correspond to the γ′-Fe4N peaks, and are indexed as shown
in the Figure.
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(a) SEM micrograph of the Fe4N starting powder.
(b) XRD trace of the Fe4N starting powder.




α′′-Fe16N2 particles were synthesized at Advanced Materials Corporation through a
proprietary process. The starting material for this process is Fe(OOH) which is loaded
into a fluidized bed reactor. It is reduced to fine crystallites of bcc iron by heating
the sample at 440 oC under flowing hydrogen. The temperature is then reduced to
a fixed value between 140 and 300 oC and then the sample is reacted with a flowing
mixture of ammonia and nitrogen for several hours. The sample is cooled to room
temperature, then the surface of the powder is passivated with a measured, small
quantity of oxygen (air) after which the sample is removed from the reactor. Several
reactions were performed to optimize the conditions for the synthesis of bulk single
phase α′′-Fe16N2.
Figure 40(a) shows an SEM micrograph of the as-received powder. The particles
have a fairly uniform size distribution of 50-100 nm diameter. Figure 40(b) shows the
XRD trace of the as-received powder. No impurity phases were detected with XRD,
other than the presence of a small amount of α-Fe in some batches. On average, the
batches contained ∼ 5% α-Fe, but ranged from 0-14%.
The α′-Fe16N2 phase has a similar structure to α
′′-Fe16N2, but with nitrogen occu-
pying the octahedral sites in a disordered manner. Previous studies have differentiated
the two phases by measuring the ratio of the α′′(002) peak to the α′′(004) + α′(002)
combined peak, with a ratio 0.125 corresponding to a perfect ordering [36, 37]. The
XRD pattern for the starting powder shown in Fig. 40(b) has an integrated intensity
ratio of 0.2. Even though this value is higher than the theoretical value for 100% α′′,
These peaks are much smaller in the XRD pattern of a powder sample than for the
epitaxial films studied in other reports [36, 37], and so this ratio can be considered
to coincide with the 100% α′′ value to within expeirmental error.
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(a) SEM micrograph of the Fe16N2 starting powder.
(b) XRD trace of the Fe16N2 starting powder.




Sm-Fe-N powder was fabricated by Advanced Materials Corporation (AMC) through
a process of casting a SmFe alloy, ball milling, annealing and nitrogenation. Three
types of powders, labeled 677, 804, and 816, were received with differing microstruc-
tures. Figure 41 shows the as received morphology of powders 677 and 816. While
Figure 41: SEM micrographs of two batches of as-received Sm-Fe-N powder, 677 (a))
with spheroidal morphology and 816 (b) with a wider size distribution and angular
morphology.
the average particle size of the two powders are similar, the 677 powder, shown in
part (a), has a more uniform size distribution. Powder (a) also has a more spheroidal
morphology than the 816 powder shown in part (b), which has sharper corners. The
804 powder has a similar particle morphology to the the 816 powder (Figure 41(b)).
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Figure 42: XRD traces for two batches of Sm-Fe-N powder as received from AMC
and shock compacts 677, 804, and 816
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Figure 42 shows the XRD traces for the 804 and 816 powders. Both Sm-Fe-N
powders contained small amounts of α-Fe. The relative amount of α-Fe, estimated
by comparing the relative integrated intensities of the 100% lines for the α-Fe phase
and the Sm-Fe-N phase, is approximately 4% for both samples. The XRD pattern
for the 677 powder is not avaiable. The XRD scans show that while the 804 and 816
powders have a similar particle morphology, they have different microstructures, since
the XRD scan for the 804 shows considerably broader diffraction peaks as compared
to the 816 powder. The influence of this characteristic will be discussed further in
§4.3.
3.1.4 Nd-Fe-B
Several forms of Nd2Fe14B based materials were studied in this work. The Nd-
Fe-B powder, fabricated by hydrogenation-decomposition-desorption-recombination
(HDDR), was supplied by Magnaquench, Inc. The powder had an approximate com-
position of (Nd,Dy)15(Fe,Co)79B6. Energy dispersion spectroscopy (EDS) performed
on the powder showed that the ratio of iron to cobalt content was approximately
3:1. Figure 43(a) shows the XRD trace of the as-received powder with hkl indices of
several prominent peaks. The morphology of the powder is shown in Figure 43(b),
while the microstructure is shown in Figure 43(c). The powder has an irregular par-
ticle morphology and size distribution ranging from a few microns to a few hundred
microns. The grain structure is fairly regular, spheroidally shaped, and has a typical
diameter of 300-500 nm.
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(a) XRD trace of as-received HDDR powder
(b) Morphology of Nd-Fe-B starting powder
(c) Grain structure of Nd-Fe-B starting powder
Figure 43: XRD trace (a) and SEM images of HDDR Nd-Fe-B starting powder
showing (b) morphology and (c) grain structure.
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Figure 44: SEM micrograph of the NRL melt-spun Nd-Fe-B powder showing two
regions with differing grain sizes.
Melt spun Nd-Fe-B ribbons were provided by the Naval Research Laboratory
(NRL) with a composition of Nd15Fe79B6. The ribbons were crushed into powder
form using a mortar and pestle. Figure 44 shows the grain size of the powder, which
varies from region to region. While the 100-200 nm grain size shown in the bottom
region of the figure is more common, several areas have the 300-500 nm grain size
shown in the upper region. Figure 45 shows the XRD trace for the crushed powder.
The width of the diffraction peaks are larger for the NRL powder (Figure 45) than
for the HDDR powder (Figure 43(a), most likely due to the smaller grain size.
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Figure 45: XRD of melt-spun Nd-Fe-B powder provided by NRL
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Impact experiments were also performed on non-porous, commercial samples of
Nd-Fe-B. The XRD patterns for two different grades, N52 and N42, are shown in
Figure 46. The (00c) family of diffraction peaks and the (105) peak have a larger
intensity compared to other diffraction peaks than would be expected for isotropic
samples, such as the powder diffraction patterns shown in Figures 45 and 43(a). The
N52 grade material has a greater degree of raised intensity of the (00c) peaks than the
N42 material. Figure 47 shows SEM micrograph of a fracture surface of the N52 grade
material. The microstructure, having equiaxed grains several microns in diameter, is
consistent with a sintered Nd-Fe-B material.
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Figure 46: XRD of commercial Nd-Fe-B




Composite powder consisting of 80% Pr-Fe-B/ 20% α-Fe was provided by Mag-
naquench, Inc. The material was produced by melt-spinning of an ingot of com-
position Pr9Fe85B6. While the details of the process are proprietary, the material
was overquenched, meaning a faster than optimal wheel speed was used, followed
by annealing. Figure 48 shows the particle morphology and grain structure of the
as-received powder.
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(a) Pr-Fe-B/α composite particle morphology
(b) Pr-Fe-B/α composite particle grain structure
Figure 48: SEM images of Magnaquench Pr-Fe-B/α-Fe composite. (a) micrograph
of particle morphology and (b) grain structure.
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3.2 Materials Characterization
The magnetic materials were characterized through several methods. SEM images,
recorded using a LEO thermal field emission SEM, were used to determine particle
morphology, grain size and structure of the starting powders, and evidence of cracking
and interparticle bonding, etc. of the shock consolidated compacts. Grain structure
images, unless other wise noted, were taken on a fracture surface without any sputter
coating. Density measurements were performed on the compacts using the immersion
method.
The magnetic properties of selected samples were measured either by AMC, using
a closed loop hysteresis graph, or at Georgia Tech, using a vibrating sample mag-
netometer (VSM). The source of the measurements will be noted in each case. The
closed loop hysteresis graph data is not affected by a demagnetizing field. VSM sam-
ples will have a demagnetizing field, and therefore only the saturation magnetization
measurement can be considered valid for soft magnetic materials. VSM samples were
embedded in epoxy in an argon atmosphere to prevent oxidation. The hard magnetic
powder samples were die-pressed to a nominal density of ∼60% prior to being em-
bedded in the epoxy, in order to prevent the particles from rotating in the magnetic
field.
X-ray diffraction (XRD) was used to determine the phase composition of starting
powders and shock consolidated compacts. XRD analysis of the recovered compacts
was typically performed on both the front and back surfaces of the recovered sample;
however, only the scan for the front side is shown unless there are significant difference
between the two. Occasionally XRD analysis was performed on cross sections of the
sample that are crushed into a powder. A range of x-ray sources were used and are
noted for each XRD trace. The as-recovered samples are typically not flat and may
have some contamination from the steel recovery capsules, so a small amount of the
outer sample was removed by sanding. Processing of the XRD data was done using
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the commercially available Jade XRD analysis software. The Jade software was used
to remove background, Kα2radiation, and to fit diffraction peaks using a combined
Gaussian-Lorentzian (pseudo-Voight) curve.
In order to determine the relative amount of each phase present, the integrated
intensity (total area) of the fitted curves were compared with the expected percent
intensity for that peak and the I/Ic value for each phase. Peak widths, B, were
measured using the full width of the fitted peaks at half maximum intensity. The
two major sources of diffraction peak broadening, including microstrain and small
crystallite size, were separated by a Williamson-Hall approach, in which Bcos(θ) is
plotted versus sin(θ). The slope of the plot gives an indication of the microstrain





where B0 is the peak width at the y-intercept of the Williamson-Hall plot [129].
Diffraction peak broadening due to the instrumental error was measured using a
LaB6 standard. The instrumental diffraction peak broadening was subtracted from






The fitted curves had an equal Gaussian and Lorentzian character, which corresponds
to a exponent, n, of 1.5. Williamson-Hall linear trend lines were calculated using a
least-squares fit in which each point is weighted relative to the uncertainty of the
fitted curve, as reported by the Jade software. The Williamson-Hall analysis is
known to ignore several minor contributions to the peak broadening[130], such as
the shape and size distribution of crystallites. Hence, in the present work it was used
to estimate changes in the grain size and degree of microstrain due to the effects of
shock-compression.
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Figure 49: High energy ball mill (SPEX 8000) wih figure eight shaking motion
marked. Inset shows the steel milling vial wih 1/8” steel ball milling media.
3.3 Powder Pretreatment Methods
3.3.1 Powder Milling/Mixing
While several shock experiments were performed on as-received powder, in some cases
a smaller particle size or a mixture of powders was desired. In these cases pre-shock
treatment was performed through different mixing/milling techniques. High energy
ball milling was performed using a SPEX 8000 series mixer/miller (Figure 49). The
mill shakes the vial in a three dimensional version of a figure eight. The figure inset
shows the mill vial with 1/8” steel balls used as the milling media. While a range of
steel ball sizes can be used, 1/4” and 1/8” balls were typical. The powder and milling
media were handled and sealed inside a glove box with an argon environment.
Attrition milling was performed using a Union Process Model 01 attritor mill.
Figure 50 shows the setup of the milling vial. A polypropylene jar, shown in Figure
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(a) (b)
Figure 50: Attrition milling setup showing polypropylene jar (a) and stirring rod
(b).
50(a), is used with 1/8” steel balls in a 1:1 ball to powder mass ratio, along with
a toluene slurry to minimize oxidation. For the jar size shown, 0.5-1.0 kilograms
of powder and 0.5-1.0 kilograms of steel balls are typically used. Toluene is added
until it completely covers the powder and milling media. The stirring rod, shown in
Figure 50(b), rotates with a speed of ∼4 Hz, creating the milling action. Toluene
was removed from samples of the milled powder by placing them in a vacuum for 24
hours.
Two methods were used in cases in which a simple mixture of two kinds of powders
was desired. Short run times can be used with the high energy ball mill to mix
powders. This is typically performed by using 1/8” steel balls and a higher powder
to ball mass ratio. Alternatively, mixtures can be made by placing the powder in
a sealed polypropylene jar with a single steel ball and placing the jar in a rotating
mixer for 24 hours. The rotating mixer creates a simple end-over-end motion for the
jar.
3.3.2 Field Alignment of Powders
Texture can be introduced into single crystal magnetic powders through alignment
in a magnetic field. The powders were pressed by hand into a 0.5” polyurethane die
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(a) Typical aligned and iso-
static pressed sample
(b) Isostatic pressed sample inside a steel shock-
recovery capsule
Figure 51: Pictures of aligned and isostatic pressed samples (a) and misfit between
the isostatic pressed samples and shock-recovery capsule (b)
and sealed inside a rubber bag. Three 10 T magnetic field pulses of ∼50 ms duration
were applied to each sample followed by isostatic pressing at 30-34 ksi. The resulting
samples are roughly cylindrical and the degree of alignment may vary from sample to
sample, depending on the the properties of the powder and the die. A typical example
is shown in Figure 51(a). The irregular shape of the samples makes measuring the
exact density difficult, but each sample had an approximate post-isostatic pressing
density of 60-70%.
Because the samples are pressed outside of the capsules, there is necessarily some
misfit between the pressed pellet and the shock-recovery capsule. Figure 51(b) il-
lustrates this misfit. Gaps between the capsule and the sample would cause shock
wave reflections and tensile waves to arise. To mitigate these effects, loose tungsten
powder was poured into the gaps. Tungsten was chosen because of its high density,
such that, even in a loose form, it has a shock impedance (ρUs) roughly equivalent
to the magnetic powder pellet.
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3.4 Shock Compaction and Impact Experiments
Shock compaction was utilized as the primary technique for producing bulk magnets.
Rod-on-anvil impact experiments were used to study the ability of magnetic materials
to create texture through mechanical deformation at high strain rates. This section
will describe the setup of both types of impact experiments as well as time-resolved
measurements on parallel plate impact experiments.
Figure 52(a) illustrates the scheme of the shock compaction experiments employing
a parallel plate on plate impact configuration. In these experiments, a steel flier
plate and sabot was accelerated by expansion of compressed helium in the 80 mm
bore, single stage gas gun at Georgia Tech. An impact velocity of 700-1000 m/s was
typically used. The powder was uniaxially pressed into steel capsules at pressures of
up to 0.8 GPa. The target fixture, shown in Figure 52(b), can accommodate three
samples at time.
As shown in the Figure 52(b), an air gap surrounded each capsule, which serves
to mitigate but not completely eliminate radial wave focusing due to the impedance
mismatch between the powder and the surrounding steel. The target fixture also
contained linear and radial momentum traps that serve to reduce tensile release waves
and aide in the recovery of the capsules. Both the capsule and flier plate (impactor)
were made of SS17-4PH. Impact surfaces were lapped to flatness on a lapping wheel
with variations less than .0003 inch. Following impact, the capsules were recovered
and the samples removed by machining. Care was taken during machining to minimize
heating of the sample.
The temperature of the samples can be cooled below room temperature at the time
of impact. For these experiments, a coil of copper tubing was attached to the back
(non-impact side) of the target fixture. Liquid nitrogen was made to flow through
the coil until the temperature was slightly lower than the desired temperature, as
monitored by a thermocouple attached to the side opposite the cooling coil. The
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(a) Schematic of shock compaction setup
(b) Shock recovery fixture and steel capsule. Inset shows close up view of recovery
capsule.
Figure 52: (a) Schematic of shock compaction and (b) image of compaction target
showing an open steel capsule and a capsule inserted into the fixture. Inset shows a
close up view of the recovery capsule.
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target was then allowed to equilibrate and warm slightly to the desired temperature.
High-rate forging (rod-on-anvil) impact experiments were used to explore the high
strain rate behavior of porous magnetic materials. In these experiments, a die-pressed
pellet of magnetic powder is mounted on the front of a cylindrical projectile (rod),
and this assembly impacts a rigid anvil. This experiment attempts to create a uni-
axial stress condition on a bulk scale, although a porous material will have a much
more complicated local stress state. In contrast, the shock compaction experiments
discussed previously have a tri-axial stress state, dominated by a hydrostatic stress
component.
The pellets of magnetic powder are die pressed to ∼85% density at a nominal
uniaxial pressure of 1.5 GPa. The pellet is attached to the front of a projectile,
typically made of copper, by a ring of epoxy around the base of the pellet, as shown
in Figure 53(a). Figure 53(b) shows a series of high speed camera images (time
increases left to right) which depict the forging process with deformation occurring
under uniaxial stress. The pellet of magnetic powder deforms so that that height
decreases and the diameter increases at the impact surface.
Parallel plate impact experiments employing VISAR measurements were per-
formed on N52 grade commercial Nd-Fe-B. The experiments were performed using
Nd-Fe-B as both the flier plate and sample to ensure that the particle velocity is one-
half of the impact velocity. Both materials had their c-axis texture oriented along
the impact direction. A sapphire window was also used with the combined thickness
of the window and the Nd-Fe-B sample being approximately equal to the Nd-Fe-B
flier plate. The diameter to thickness ratio of the sample is approximately 8:1. A
schematic of the VISAR setup is shown in Figure 54, with the VISAR providing a
direct measure of the particle velocity.
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(a) High rate forging projectile
(b) Example of high speed forging experiment
Figure 53: (a) Picture of a high rate forging projectile, a 1/8” diameter sample pellet
mounted on a copper cylinder. (b) Time-sequenced high speed camera images of an
example high rate forging experiment. Projectile is moving left to right.
Figure 54: Schematic of VISAR setup
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3.5 Modeling Shock Compaction Conditions
The three capsule compaction experiments described in §3.4 employ robust fixtures to
allow recovery of the compacts. However, use of such fixture does not allow direct mea-
surement of the compaction pressure. The pressure, temperature, or other compaction
conditions are, therefore, estimated based on the pressure-volume or shock-velocity-
particle-velocity relationships. This section will discuss how the shock compaction
conditions are estimated.
The pressure-volume compressibility (P-V Hugoniot), pressure-temperature rela-
tionship (P-T Hugoniot), or other shock state relationships can be calculated from
the shock speed versus particle speed relationship (Us−Up) using the jump conditions
(Eqs. 13 and 14) described in §2.3.1. The Us−Up relationship is linear for many solid
materials, and if the relationship is unknown, an estimate of the relationship can be
obtained from the mass weighted averages of the constituents [77].
Table 5 summarizes the Us-Up relationships for the materials studied in this work.
For materials with an unknown Hugoniot, the values of the constituents used in mass
averaging are shown. For Sm-Fe-N and Nd-Fe-B, the mass % of nitrogen and boron
respectively is very low and ignored in the calculations. Iron under goes an α-bcc
to ε-hcp transition at 13 GPa, however, the Hugoniot of the ε-phase was used for
estimating the Sm-Fe-N Hugoniot in the region below 13 GPa. This is due to the
rhombohedral lattice of the Sm-Fe-N being more closely related to the hexagonal
lattice of ε-Fe than α-Fe. By similar reasoning, the Hugoniot for austenitic (γ-Fe
based) SS304 was used to estimate the Hugoniot of γ′-Fe4N.
The original report of α′′-Fe16N2 by Jack[35] noted that the peak hardness of
nitrogen alloyed steels corresponds to the nitrogen content of the α′′-Fe16N2 phase,
suggesting that the high hardness was due to the presence of α′′. Lach et al.[137]
reported the Us−Up relationship for a 1045 iron-carbon steel that had been nitrided
to high hardness (called 1045N) and this relationship is assumed to be similar to the
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Table 5: Hugoniot parameters for materials studied
Mass C0 S Source Notes
% (km/s)
Sm 24 2.23 0.8 [131, 132, 133]
ε-Fe 76 3.6 1.9 [77] Extended to Low Pressure
Sm2Fe17 3.3 1.6 Mass Average
Nd 32 2.24 0.69 [131]
Fe 51 4.63 1.33 [134] P < 13 GPa
Co 17 4.59 1.56 [135, 133] P < 30 GPa
Nd15(Fe,Co)85 3.9 1.2 Mass Average
Nd2Fe14B 3.7 1.1 [136] 19 < P < 79 GPa
Fe16N2 2.65 2 [137] High Nitrogen Steel
Fe4N 4.6 1.5 [133] Austenitic SS304
α-Fe 4.63 1.33 [134] P < 13 GPa
Us − Up relationship for α′′.
Li et al. [136] reported the Us − Up equation of state for Nd-Fe-B to be Us =
3.686 + 1.059UP , in the pressure range of 19 to 38 GPa. This pressure range is
considerably higher than the pressure expected for the present experiments; however,
the reported EOS roughly agrees with that estimated from mass averaging. Therefore,
the Li et al. [136] EOS was used after rounding to two significant digits.
3.5.1 Prediction of Compaction Pressure
As noted above, P-V Hugoniot can be calculated from the Us−Up relationship using
the jump conditions (Eqs. 13 and 14). Several methods can be used to estimate
the P-V response of a porous material from the solid P-V curve. The Mie-Grüneisen
equation of state (EOS) is a popular isochoric method; however, it cannot be used
when the compression, V0/V , is greater than 2/γ + 1, which was reached in some
cases due to a high value of the Grüneisen constant, γ, and to a high initial volume
(i.e. low initial density). The Wu-Jing method [138], which calculates the porous
Hugoniot using an isobaric approach, was used for such cases in which the powder
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were pressed at a low initial density.
Both the Wu-Jing and Mie-Grüneisen EOS assume that the porous material has
negligible strength, meaning the crush up of the powder to the equivalent solid density
occurs at zero pressure. The P-α model, shown in Eq. 24, was used to estimate the
P-V response in the partial compaction region. The material was assumed to have
an effective yield strength, Py, equal to the pressure of green pressing, typically 0.8
GPa. Pc, the crush strength, is the pressure at which the porous material reaches the
equivalent solid density. The Grüneisen parameter, γ, is estimated by assuming that
γ/V is a constant, and γ0 is approximated by considering γ0 ≈ 2S1 − 1, where S1 is
constant in the linear Hugoniot shown in Eq. 16.
An upper bound to the crush strength can be estimated by assuming that the
relative density of shock compressed samples will not increase after unloading from
the shock state. The relative density of the recovered sample will be at least the same
as the samples under shock loading, meaning α ≤ 1
ρrecovered
. The P-α curve was then
constructed such that it is self-consistent with the (α,P) point, whose pressure is found
in an iterative manner from impedance matching. Figure 55 shows an example P-V
Hugoniot for shock compaction of Fe16N2 using both the Wu-Jing and P-α approaches.
The P-α curve shown is plotted using the upper bound of the crush strength.
The iterative method was utilized by choosing an arbitrarily high value of the
crush strength, Pc1, to calculate the P-α curve, and the resulting curve was used as a
first approximation to calculate the shock pressure in the powder, P1, from impedance
matching. However, the point (α,P)=( 1
ρrecovered
,P1) will likely not fall on the P-α curve
found using a crush strength of Pc1. The crush strength is adjusted to a new value,
Pc2, such that the new P-α curve does contain the (α,P1) point. The new P-α curve
will yield a new shock pressure from impedance matching, P2, and the point (α,P2)
will lie closer to the new P-α. The method was repeated until the shock pressure and
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Figure 55: Calculated P-V Hugoniot for Fe16N2 assuming a Us−Up response similar
to that of 1045 steel treated with nitrogen to high hardness (1045N). Both the Wu-
Jing and P-α methods are shown.
In previous work on shock compaction of Fe3O4 nanoparticles [139], the crush
strength was determined from fitting static loading data to the P-α curve and was
estimated to be 1.2-1.4 GPa. The Wu-Jing curve was used with the impedance
matching technique, since the shock pressure would be significantly higher than this
estimated crush strength. The recovered compacts were only 70-80% dense, and the
difference in porosity was attributed to debonding of the particles that occurrs after
loading to full density.
Some or all of the porosity seen in recovered compacts can be attributed to debond-
ing, meaning the samples reached a higher relative density (lower α) while under shock
loading and then partially debonded upon release from the high pressure state. The
pressure calculated assuming α ≤ 1
ρrecovered
, therefore, serves as an upper bound. The
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lower bound of the shock pressure is found using the Wu-Jing or Mie-Grüneisen curves
with impedance matching. If the crush strength is below this value, its exact value
will not affect the shock response. The shock state can take any value on the line
connecting the upper bound to the lower bound.
3.5.2 Prediction of the Shock Associated Temperature Rise
Estimation of the mean bulk temperature rise can be performed by assuming that
all the energy deposited by the shock wave, given by Eq. 15, is converted to internal




P (V00 − Vs)/Cp (28)
where P and Vs represent the pressure and volume in the shock state, V00 is the initial
volume, and Cp is the specific heat at constant pressure. For solid materials, such
as the steel capsules in the shock fixtures, V00 is equal to the specific volume of the
solid at ambient temperature. This implies that the temperature rise associated with
shock compaction is typically smaller for solid materials than for porous materials.
The bulk temperature calculated from Equation 28 persists while the material
is in the shock state, which typically lasts for a few microseconds. The material is
expected to cool slightly when unloaded from the shock pressure, with the ratio of





(VR − VS)) (29)
where S refers to the shock state value and R refers to the residual state value that occurs after
unloading. For powder compacts, the difference in TR and TS is typically small, since the volume
change for unloading is considerably smaller than the volume change volume change for loading and
the crush up to solid density. The cooling expected from unloading from the shock state is typically
more significant for solid materials, such as the steel capsules surrounding the compacts.
The thermal history after unloading will be dominated by thermal conduction and is therefore
geometry dependent. In order to study the thermal behavior, a simple heat conduction model was
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Figure 56: Schematic of thermal conduction model which ignores energy transfer
along the circumference of the sample. The sample is modeled as an infinite plane of
thickness d in contact on both sides by planes of steel of semi-infinite thickness.
used which ignores edge effects. The shock consolidated compact was considered to be a plane of
high temperature material in contact on both sides by the lower temperature steel. Figure 56 shows
a schematic of the thermal conduction model. For this model, any internal energy transfer occurring
at the interface between the circumference of the samples and the capsules was ignored. Many of
the magnetic materials studied here are composed mainly of iron, and their thermal conductivities
will be close to that of the steel capsules. If one assumes a uniform thermal conductivity, this
problem is then identical to the classical example of conduction along a well insulated bar [140].
The temperature-time-position relationship is given by Equation 30,
















where T is temperature, t is time, x is the distance from the center of the shocked compact, and d is
the thickness of the compact. c is given by c =
√
k/(Cpρ) where k is the thermal conductivity and
ρ is the density. Tst and Tsample are the bulk shock temperatures found for the steel and sample
respectively, as calculated from Eq. 28. In most cases, Tst will be significantly lower than Tsample
since the steel is nonporous and will therefore have a much smaller change in volume resulting from
shock compaction.
3.5.3 AUTODYN simulations of two dimensional shock effects
The pressure-temperature-volume relationships of shock wave interactions discussed in this work, as
described above, are based on simplified one-dimensional models. Significant two dimensional effects
can arise, since the low density powder compact will have a significantly lower shock impedance
compared to the surrounding steel. This gives rise to radial focusing effects that can cause pressure
spikes several times higher than the pressure calculated from one-dimensional models. Figure 57(a)
shows an ANSYS AUTODYN 2D simulation of shock compaction of Nd-Fe-B powder. Shown in
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(a) Schematic of Autodyn simulation and simulated pressure outlines.
(b) Simulated pressure trace of a shock compaction experi-
ment with and without an air gap
Figure 57: Autodyn simulation of shock compaction experiment (a) and simulated
pressure traces with and without air gap (b).
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Figure 57(b) are simulated pressure traces for a point near the back of the powder sample with and
without an air gap. Both traces have initial pressure oscillations centered around 5 GPa, which
corresponds to the pressure calculated from the P-α model for one-dimensional compaction. Short
time scale pressure spikes also arise which are several times higher than the primary shock pressure.
The air gap helps to reduce the size of the pressure spike. Previous reports on shock compaction
of Pr-Fe-B/α-Fe melt-spun powder pressed to 64-78% initial density have shown that the pressure
spikes are typically twice as large for the back of the sample as compared to the front of the sample
[15]. Without the use of an air gap surrounding the powder containg capsules, the pressure spkes




As discussed in §2.4, there is relatively little data on shock compaction of permanent magnetic
materials. Very few of the studies that do exist carefully characterize the structure of the material
before and after shock compaction. In addition, there is no shock compaction data on magnetic
materials such as Fe16N2 and Fe4N. These materials are of particular interest for use in shock
compaction since their lower thermal stability limits the use of traditional sintering techniques for
making bulk magnets.
This chapter presents the results of several shock compaction experiments that explore a wide
range of magnetic materials to determine their suitability for use as exchange coupled composites.
Specific attention is paid to shock-induced decomposition and other phase changes, which would
negatively impact the performance of permanent magnets. The deformation mechanism of hard
magnetic phases is examined in shock compacted samples. Shock compact experiments were also
performed on textured green samples of mixtures of Nd-Fe-B and α-Fe nanoparticles. Appendix A
includes a summary of all shock compaction experiments performed in this work, along with the
starting material characteristics and consolidation conditions.
4.1 Fe4N
Fe4N powder was loaded into a steel capsule and uniaxially pressed at 0.79 GPa to approximately
68% of the TMD. The shock compaction experiment was performed at 860 m/s and the samples
were cooled to 4oC at the time of impact. Table 6 summarizes the conditions of the experiment
and resulting compact. Following compaction, the sample was not recovered in bulk form, but
fragments and loose powder were recovered. Thus the compact density is unknown. The pressure
generated during the shock compression experiment was calculated using both the method described
in §3.5, providing a one-dimension model, and by the Ansys AUTODYN two-dimensional numerical
simulations software. The porous sound speed, used in the AUTODYN simulations, was taken to
be 1.3 km/s, which is equal to the porous sound speed of α-Fe at similar porosities [133]. The crush
strength was estimated by fitting quasi-static data from uniaxial pressing to the Fishmeister-Artz
equation (Eq. 25) for densification of powders.
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Table 6: Experimental conditions for shock compaction of Fe4N
Sample Name Fe4N Fe3N
Relative Impact Pressure Temp
Density Velocity (m/s) (GPa) (0C)
Fe4N Green 100% - 68% - 0.79 4

















0 1 2 3 4
4
  Figure 3.  Simulated Pressure-Time trace 
for the center of the Fe  N powder sample.
Figure 58: Autodyn-2D simulated pressure-time trace for the center of the Fe4N
powder sample.
The shock pressure found from the AUTODYN simulations is especially sensitive to the crush
strength used in the P-α model. Die pressing of Fe4N powder was only able to achieve up to 70%
density. Extrapolating this data to full compaction using the Fishmeister-Artz model gives a wide
range of possible values for the crush strength, from 4 to 11 GPa. An example of a simulated
pressure trace for the center of the sample, assuming a crush strength of 10 GPa, is shown in Figure
58. Simulations of the shock pressure over the entire range of possible crush strength values yield
initial shock pressures of 6.5-10 GPa. The lower end of the simulations match the values predicted
by the one dimensional model, 6.4-6.8 GPa. Short duration pressure spikes as high as 23 GPa may
arise due to two dimensional radial wave focusing effects, depending upon the crush strength and
subsequent compaction behavior.
The XRD pattern for the as received powder is shown in Figure 59 along with the powder pattern
for the recovered compact. While the starting powder contains only diffraction peaks for the γ’-Fe4N
phase, the XRD trace for the shocked powder contains both γ’-Fe4N and ε-Fe3N diffraction peaks.
The volume ratio of the γ’-Fe4N to ε-Fe3N phase is approximately 4:3.
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Figure 59: XRD of patterns of pure γ′-Fe4N powder (top) and shock compressed
powder (bottom).
4.2 Fe16N2
Two shock compaction experiments were performed on the the α′′-Fe16N2 samples at impact veloc-
ities near 850 m/s, while cooling samples at temperatures of -210C and -1260C, as measured just
prior to impact. Table 7 summarizes the experimental conditions and results of XRD scans. The
P-V curve for non-porous α′′-Fe16N2 was modeled by using the Us−Up for high nitrogen 1045 steel,
as discussed in §3.5 [137]. The exact choice of Us − Up parameters is not crucial to this analysis.
Using the Us − Up relationship for α-Fe [134] with the initial and solid densities of α-Fe16N2 yields
similar results.
As noted in §3.5, the temperature rise from shock compaction was calculated by dividing the
entire shock energy by the specific heat, Cp. Variations in Cp values over the range of temperatures
expected are relatively small, and so it was assumed to be a constant. The Cp value of a sample of
commercially available FexN with x = 3.8 was measured by a differential scanning calorimeter to be
0.45 J/goC, which is equivalent to the Cp of iron. Given the similarity of the specific heat of iron
with nitrogen content above and below that of Fe16N2, it is assumed that the Cp of α
′′-Fe16N2 and
its decomposition products will be approximately 0.45 J/goC.
Figure 60 shows the calculated shock temperature for the sample impacted at -126oC sample.
As noted in Table 7, the range of possible shock pressures for the -126oC compact is 4.9-5.3 GPa,
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Table 7: Experimental conditions for shock compaction of Fe16N2
Sample Name Fe16N2 α-Fe Fe4N γ
′′-FeN ε-Fe TMD (g/cm3)
-21C 16-2 Green 95% 5% - - - 7.43
-21C 16-2 Compact 20-22% 41-55% 21-32% 0-3% 4-5% 7.61-7.69
-126C 16-2 Green 95% 5% - - - 7.43
-126C 16-2 Compact 13-17% 18-24% 29-43% 16-27% 6-7% 7.44-7.46
Continued
Relative Impact Pressure Temp
Density Velocity (m/s) (GPa) (0C)
-21C 16-2 Green 59% - 0.79 -21
-21C 16-2 Compact 92-93% 844 ± 42 5.3-5.8 520-540
-126C 16-2 Green 56% - 0.79 -126






















Range of Possible Shock States
Figure 60: Shock temperature as a function of pressure for compaction of Fe16N2
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and the corresponding range of P-T states are marked by the solid black line in Figure 60. The shock
temperature is very sensitive to the initial porosity of the material. A larger change in temperature
is expected for the -126oC compact than for the -21oC compact because of the slightly higher initial
volume in the former. Using the iron shock parameters instead of those for 1045N, however, produces
no significant change in the predicted temperatures. Likewise, adjusting the Grüneisen parameter
over the typical range for metals, i.e. γ0 being equal to 1.5-3, makes only small changes, <10%, to
the calculated shock temperature.
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Figure 61: XRD traces of Fe16N2 starting powder (Top), -21oC compact (Middle),
and the -126oC compact (Bottom).
The estimated bulk shock temperature, 520-540oC for the -21oC sample and 430-450 for the
-126oC sample, is well above the stability range of α′′-Fe16N2 for both samples. Thus, at least a
partial decomposition is expected, although the extent of decomposition is not known for temperature
calculations alone. Figure 61 shows the XRD traces for the starting powder and the recovered
compacts. XRD results shown are for a cross section of the material that has been crushed into a
powder form. The XRD scans reveal that decomposition has occurred in both samples, as shown by
the formation of additional XRD peaks. The powder pattern for the -21oC compact shows that the
sample has decomposed, with α-Fe making up roughly half the sample, and γ′-Fe4N and α
′′-Fe16N2
making up most of the remainder. A high pressure hcp iron phase, ε-Fe, may also be present, based
on the broad peak at 58.5o. In the -126oC compact, the α′′-Fe16N2 phase has also decomposed;
however, a larger amount of γ′ has formed. In addition, the zinc-blend structure, γ′′-FeN is also
present [141]. Quantitative phase analysis was complicated by broad overlapping peaks, giving rise
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Figure 62: Magnetic hysteresis curves for both recovered compacts.
to considerable uncertainty in the measurements. The ranges shown in Table 7 for the amounts
of each phase reflect the difference found when considering only the highest intensity lines for each
phase versus those found when including minor peaks.
Figure 62 shows the hysteresis curves for both recovered compacts, as measured on a closed loop
hysteresisgraph. The Fe16N2 starting powder has not reached saturation. Using the law of approach,
the Ms value is estimated to be 226 emu/g, whereas the -21
oC and -126oC compacts have saturation
magnetizations of 181 and 152 emu/g respectively, meaning the magnetization has decreased in both
samples as compared to the starting powder. The drop in magnetization is most likely due to phase
changes that occur following shock compaction. The higher magnetization present in the -21oC
compact is attributed to the higher α-Fe content, and the higher coercivity in the -126oC compact
is most likely due to the higher amount of Fe4N.
SEM micrographs of the as-received powder and the -126oC compact are shown in Figure 63
(a) and (b) respectively. The particle size of the starting powder is essentially the same as the grain
size seen in the microstructure of the compact. No obvious melted regions are observed in the shock
consolidated compact. While Archimedes density measurements indicate 7% porosity, the voids are
too small to be seen with SEM imaging.
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Figure 63: SEM micrographs of (a) Fe16N2 starting powder and (b) the microstruc-
























Figure 64: Williamson-Hall analysis of broadening in XRD peaks for both compacts.
The broad X-ray peaks for the compacts shown in Figure 61 suggests a grain size significantly
smaller than the particle size seen in SEM micrographs from Figure 63. Williamson-Hall analysis
of XRD peak broadening is shown in Figure 64. For the γ′-Fe4N phase, this analysis suggests both
compacts have approximately the same grain size, ∼ 10 nm. The γ′-Fe4N phase in the -126oC
compact has a higher degree of strain, as shown by the increased slope of the Williamson-Hall line.
The grain size of the α-Fe phase is estimated to be ∼ 30nm for the -21oC compact but is too large
to be determined accurately in the -126oC compact, meaning it is probably greater than 100 nm.
The heat conduction model for shock compacted materials developed in §3.5 was applied to the
-126oC sample. The expected temperature-time curves for three different distances from the center
of the α′′ sample, x positions of 0.0, 1.0, and 1.8 mm, are shown in Figure 65. The thickness of the
compact is 3.7 mm, so x = 1.8 represents a point very near the outside edge of the compact. Using
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Eqs 29 and 28, the temperature of the steel surrounding the capsule, Tst, is estimated to be 150
oC
for the -21oC compact and 50oC for the -126oC compact.
The outer skin of the material cools rapidly to a temperature near the temperature of the
surrounding steel. The inner portions of the sample, represented by the x = 0.0 mm curve, experience
a temperature over the stable range of α′′ for 1-2 seconds. γ′′-FeN is not stable over 342oC [141];
however, a large portion of the sample quickly cools to below this temperature. The temperature-
time curves for the -21oC compact have a similar shape. Since the surrounding steel in the -21oC
compact is heated to approximately 150oC most of the sample stays above not only the α′′ stable




























Figure 65: A temperature-time model for the -126oC compact ignoring cooling from
the circumference of the sample. Curves for three distances from the center are shown,
x = 0.0, 1.0, 1.8 mm, while the distance to the compact-steel interface is 1.85 mm.
The outer skin of the material cools rapidly to a temperature near the temperature of
the surrounding steel, while the inner portions cool over a period of several seconds.
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4.3 Sm-Fe-N
Three shock compaction experiments, numbered 677, 804, and 816, were performed on Sm-Fe-N
powders. Table 8 summarizes the experimental conditions for the three experiments. While all
three samples were pre-pressed using a nominal pressure of 0.79 GPa, Sample 677 had a lower green
density than the sample 804 and 816. This is most likely due to the uniform size and spheroidal
morphology of the starting powder, as discussed in §3.1.
Table 8: Experimental conditions for shock compaction of Sm-Fe-N
Exp No Sm2Fe17N3 α-Fe
Relative Impact Pressure Temp
Density Velocity (m/s) (GPa) (0C)
677 Green - - 63% - 0.79 -6
677 Compact 96% 4% 92% 788 ± 10 4.9-5.4 370-390
804 Green 96% 4% 72% - 0.79 -21
804 Compact 96% 4% 95% 844 ± 42 7.0-7.4 350-365
816 Green 96% 4% 73% - 0.79 -122
816 Compact 92% 8% 98% 903 ± 2 7.8-8.1 300-310
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Figure 66: XRD traces for two batches of Sm-Fe-N powder as received from AMC
and shock compacts 677, 804, and 816
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Figure 67: Pressure-Time curve for shock compacted sample 804. Curves are shown
for three distances from the center of the 4.47 mm thick sample, x = 0.0, 1.0, and 2.2
mm. The outer edges of the sample quickly cool to the temperature of the surrounding
steel, 140oC, while the center of the sample remains at a higher temperature for a
few seconds.
Figure 66 shows the XRD traces for the two starting powders and the three shock consolidated
compacts. The XRD pattern for the 677 starting powder is not available. All Sm-Fe-N samples
contained small amounts of α-Fe. The relative amount of α-Fe remained unchanged following shock
compaction for shots 804, and a small amount of α-Fe was formed for shot 816. No other decom-
position products, such as SmN or Fe4N, were detected in any of the recovered compacts, although
α-Fe is expected to be the main decomposition product, as shown by Eq. 11.
Figure 67 shows the expected temperature-time curves (from Eq. 30) following shock compaction
of sample 804, which is expected to have the highest shock temperature. Curves are shown for three
distances from the center of the 4.47 mm thick sample, x = 0.0, 1.0, and 2.2 mm. The outer edges
of the sample quickly cool to the temperature of the surrounding steel, 140oC, while the center of
the sample remains at a higher temperature for a few seconds.
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Williamson-Hall analysis was performed for each XRD trace shown in Figure 66. The traces
shown in Figure 66 were measured using different x-ray wavelengths, but each trace was converted
to the copper wavelength for ease of comparison. The Williamson-Hall analysis, however, was
performed on the original scan for each sample. The scan for 677 used a copper radiation source,
while the powder and compact for 804 used a molybdenum source and 816 powder and compact used
a cobalt source. A LaB6 standard was used for each radiation source to estimate the instrumental
broadening. Figure 68 shows the Williamson-Hall plots for the compacts and starting powders. As
noted previously, the pattern for the 677 starting powder was unavailable. The scatter in the data
for compact 677 prevented fitting a trend line with any reasonable certainty.
There exists a significant scatter in the data for both the 804 starting powder and recovered
compact. A wide range of slopes could potentially fit the 804 data. Therefore, the Williamson-Hall
analysis for this sample was performed by ignoring microstrain. Instead, a rough grain size estimate
for these samples was obtained by assuming zero strain. This assumption may not be valid, especially
for the recovered compact, but the number of overlapping peaks makes a more accurate analysis
unfeasible. The error bars shown in the plots are the uncertainty provided by the Jade analysis
software in fitting each peak the pseudo-Voigt curve. A best fit line with zero slope was calculated
by weighting each data point relative to its uncertainty, similar to the manner described by Taylor
[142]. Thus, points with large error bars, such as the 804 starting powder point with Bcos(θ)=.0107,
do not significantly affect the best fit line. Using this method, the approximate grain size is found
to be 30-45 nm for the 804 starting powder and 25-35 nm for the compact. The Williamson-Hall
plot in Fig. 68(c) shows an increase in diffraction peak broadening from the powder to the compact
due mainly to a decrease in grain size. The approximate grain size has decreased from ∼150nm to
∼40 nm, although it should be noted that a Williamson-Hall analysis is typically not considered
accurate for grain sizes larger than 100 nm [129].
Figure 69 shows the microstructure of the recovered compacts 677 and 804. The approximate
shape of the original polycrystalline particles is maintained in the microstructure of the resulting
compacts. The Williamson-Hall analysis shown in Figure 68 indicates that the grain size of the 804
compact is significantly smaller than the size of the particles seen in the micrographs. Most likely,
the grains are too small to be resolved by the SEM image shown in Figure 69.
Although Figure 68 indicates that the grain size for the starting polycrystalline powder of sample
816 is significantly larger than that of sample 804, the particle morphology of the two starting
powders was very similar. Figure 70 shows SEM micrographs of the recovered compacts for samples
804 and 816. The outline of the original particles can be seen in 70(a) (Left) for sample 804; however,
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(a) 677 compact
(b) (red) 804 compact (green) starting powder
(c) (blue) 816 compact (green) starting powder
Figure 68: Williamson-Hall plots of (a) 677 compact (b) 804 compact and starting
powder (c) 816 compact and starting powder. Starting powders are shown in green.
The scatter in the data for 677 and 804 prevents drawing a meaningful trend line.
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(a) Starting powder (left) and recovered compact (right) for sample 677
(b) Starting powder (left) and recovered compact (right) for sample 804
Figure 69: SEM micrographs of starting powders and recovered compacts for samples
677 and 804
the micrograph of compact 816 (Right) shows areas of localized deformation where the particles have
broken up into smaller grains or grain aggregates. The higher magnification images in Figure 70(b)
show that both samples have grains smaller than 100 nm, while compact 816 also has retained some
larger grains/aggregates.
4.4 Sm-Fe-N Composites
Sm-Fe-N composites were formed with Fe16N2 and Fe4N as the soft phase. The appropriate amount
of powder for each phase was placed in a plastic vial with a single steel ball and sealed in an argon
environment. The vial was placed in a rotating mixer for 24 hours. The resulting powder mixtures
were used in a series of shock compaction experiments. The various experimental conditions are
summarized in Table 9. The compositional phase percentages shown for composites containing
Fe16N2 are the nominal values, and the actual values measured from XRD are in parenthesis.
Figure 71 shows both the green density after uniaxial pressing at 0.79 GPa and the compact
density following shock compaction, with varying amounts of Fe16N2. Increasing the Fe16N2 content
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(a) Compact 804 (Left) and 816 (Right) at low magnification
(b) Compact 084 (Left) and 816 (Right) at high magnification
Figure 70: SEM micrographs comparing the fracture surfaces of recovered compacts
804 and 816 at low magnification (a) and high magnification (b)
Table 9: Experimental conditions for shock compaction of Sm-Fe-N composites
Sample Name Sm2Fe17N3 Fe16N2
Relative Impact Pressure Temp
Density Velocity (m/s) (GPa) (oC)
Sm-10%16-2 Green 90% (86%) 10% 75% - 0.79 -122
Sm-10%16-2 Compact 90% ∼0% ∼94% 903 ± 2 8.2-9.1 280-330
Sm-20%16-2 Green 80% (77%) 20% 74% - 0.79 -122
Sm-20%16-2 Compact 80% ∼0% ∼94% 903 ± 2 8.0-8.7 290-350
Sm-80%16-2 Green 20% 80% (76%) 59% - 0.79 -126
Sm-80%16-2 Compact 20% 0-15% ∼93% 866 ± 4 5.4-6.0 400-450
Sm-90%16-2 Green 10% 90% (86%) 56% - 0.79 -126
Sm-90%16-2 Compact 10% 0-15% ∼90% 866 ± 4 5.1-5.6 400-470
Sm-Fe-N/Fe4N Sm2Fe17N3 Fe4N Rel. Dens. Imp. Vel. Pressure Temp
Sm10%Fe4N Green 90% 10% 77% - 0.79 -6
Sm10%Fe4N Compact - - 93% 788 ± 10 7.1-8.0 300-350
Sm20%Fe4N Green 80% 20% 79% - 0.79 -6
Sm20%Fe4N Green - - 96% 788 ± 10 7.4-7.9 280-330
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Figure 71: Dependence of green density and recovered compact density of Sm-Fe-
N/Fe16N2 composites on Fe16N2 content.
lowers the green density and also the final compact density. The sample containing 10% Fe16N2 (Sm-
10%16-2) had the highest relative green density. It is therefore expected to have the lowest shock
temperature and be most likely to have no decomposition of the Fe16N2 phase. A temperature range
of 280-330oC was estimated for the upper bound of the bulk shock temperature, which is close to
the 200-250oC stable range for Fe16N2.
Figure 72 shows the XRD traces for the starting powder and recovered compact of sample Sm-
10%16-2. The diffraction peaks for the Sm2Fe17N3 phase have increased in width, but show no signs
of decomposition. This is similar to the results shown previously for the 816 Sm-Fe-N compact in
Figure 66. While the starting powder shows two small peaks corresponding to the Fe16N2 phase, no
identifiable peaks for the α′′-Fe16N2 phase were found in the trace for the recovered compact. The
compact was scanned a second time at scan speed four times slower over the 68-70 and 97-99 angle
ranges, in order to detect trace amounts of Fe16N2 diffraction peaks. These regions correspond to
Fe16N2 peaks (004) and (422), two peaks that do not overlap any Sm2Fe17N3 peaks; however, no
Fe16N2 peaks were found in the rescaned trace.
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Figure 72: XRD traces of the starting powder, containing 90% Sm2Fe17N3 and
10% Fe16N2, and the corresponding recovered compact, Sm-10%16-2. Two diffrac-
tion peaks belonging to Fe16N2 which do not over lap any peaks corresponding to
Sm2Fe17N3, are indicated.
Figure 73 shows the microstructure of the recovered compact Sm-20%16-2. EDS performed on
the pictured area detected two distinct regions. Ignoring lighter elements, one region was determined
to contain only iron while a second region had both samarium and iron. The iron only region
corresponds to a fine structure similar to Fe16N2. This suggests that clusters of Fe16N2 are present
in the microstructure and that the rotational mixing method used prior to compaction may not have
produced a well dispersed distribution of the soft phase.
Samples with a higher % of Fe16N2 show a similar behavior in XRD traces. Figure 74 shows the
XRD traces for the Sm-80%16-2 and Sm-90%16-2 recovered samples. The Sm2Fe17N3 peaks show
an increase in peak width but show no indications of a phase change. The Fe16N2 peaks have a
similar pattern to the unmixed Fe16N2 in that the α-Fe lines have increased in intensity and new
diffraction peaks for Fe4N peaks have appeared. Quantitative phase analysis was performed on these
XRD traces using the α(110), assuming the contribution from the α′′ (220) peak is small, and the
Sm2Fe17N3 (113) peak, since this peak does not overlap any diffraction peaks for Fe4N or FeN. This
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Figure 73: SEM micrograph of shock compact #816-2, containing 80% Sm2Fe17N3
and 20% Fe16N2. EDS of two regions detected one area with samarium and iron and
a second with only iron, corresponding to a fine structure similar to Fe16N2.
Figure 74: XRD traces of recovered compacts Sm-80%16-2 and Sm-90%16-2 after
crushing a section of each sample into a powder.
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Figure 75: XRD trace of recovered compact 677-1, a Sm-Fe-N / Fe4N composite
containing 20% Fe4N in the green state. Partial retention of the Fe4N phase is shown
by peaks at 48 and 70 degrees.
analysis shows that the ratio of Sm2Fe17N3 to α-Fe in the Sm-80%16-2 compact is roughly twice
that of the Sm-90%16-2 compact. This result is expected if one assumes that there is little or no
decomposition of the Sm2Fe17N3 phase and that the decomposition of α
′′ phase produces roughly
the same proportion of α-Fe in each compact.
Shock compaction experiments were also performed on mixtures of Sm2Fe17N3 and Fe4N. As
discussed in Section 4.1, Fe4N will partially transform during shock compaction into Fe3N. However,
the results shown in Figure 59 reveal that the transformation did not run to completion in that
case. The sample was still comprised mostly of Fe4N. Figure 75 shows the XRD trace of compact
Sm-20%Fe4N; however the XRD pattern for the starting material is not available. The XRD trace
in Figure 75 contains two minor peaks for Fe4N, (200) and (220) at 48 and 70 degrees respectively.
This indicates at least partial retention of the Fe4N phase. An estimation of the amount retained
is difficult, since the strongest line for Fe4N overlaps the strongest line for Sm2Fe17N3. No evidence
of Fe3N in detectable amounts is apparent in the XRD trace.
4.5 Nd-Fe-B
Shock compaction experiments were performed on several different forms of Nd-Fe-B. Table 10
summarizes the different materials tested and the experimental conditions. In addition to the as-
received materials described in section §3.1.4 (HDDR, NRL-melt-spun, and nonporous-commercial),
shock experiments were also performed on attrition milled powder. For comparison purposes, HDDR
powder was processed both by high-energy ball milling and attrition milling. Figure 76(a) shows
XRD traces for the as-received material and samples that have been attrition milled for 40 and 185
hours. Attrition milling for 185 hours produces very little increase in the width of the diffraction
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Table 10: Experimental conditions for shock compaction of Nd-Fe-B
Sample Name Description
Relative Impact Pressure Temp
Density Velocity (m/s) (GPa) (oC)
826-3 Green As-Rec HDDR 75% - 0.79 RT
826-3 Compact As-Rec HDDR 99% 722 ± 4 5.6-5.7 310-330
1127-2 Green Attrition Milled Aligned ∼62% - 0.2 RT
1127-2 Compact Attrition Milled Aligned ∼90% 700 ± 3 3.9-4.3 350-370
1113-1 Green Attrition Milled 68% - 0.79 RT
1113-1 Compact Attrition Milled 88% 978 ± 9 8.1 550
826-2 Green NRL Melt Spun 78% - 0.79 RT
826-2 Compact NRL Melt Spun 96% 722 ± 4 6.2-6.6 300-320
1127-1 Green Commercial 100% - 0 RT
1127-1 Compact Commercial 100% 700 ± 3 11 160
peaks. Attrition milling was performed up to 400 hours, and the corresponding XRD trace appeared
similar to the 185 hour scan. Figure 76(b) displays XRD traces for the high-energy ball milled
powder. As milling time increases, diffraction peak width increases as compared to the as-received
powder. At 8 hours of milling time, the diffraction pattern resembles that of an amorphous material,
lacking clear diffraction peaks.
Figure 77(a) compares SEM images of the Nd-Fe-B starting powder with attrition milled powder.
The original grain size shown in the high magnification inset approximately matches the particle size
of the attrition milled material. In the high energy ball milled material shown in Figure 77(b), the
particle size, 1-4 µm, is significantly larger than the original grain size, 200-400 nm. Thus, attrition
milling has produced particles similar in morphology to the original grain size. Given the relatively
small amount of diffraction peak broadening in the XRD trace, the attrition milled particles are
most likely single crystal particles. High-energy milling produces polycrystalline particles with a
typical size of 1-4 µm.
128
(a) XRD traces of attrition milled HDDR Nd-Fe-B powder (a) as-received (b)
milled for 40 hours and (c) milled for 185 hours.
(b) XRD traces of high-energy milled HDDR Nd-Fe-B powder (a) as-received (b)
milled for 2 hours and (c) milled for 8 hours.
Figure 76: XRD traces of attrition milled and high-energy ball milled HDDR Nd-
Fe-B powder.
129
(a) Nd-Fe-B starting powder with high mag inset (left) and attrition milled powder (right)
(b) SEM image of HDDR Nd-Fe-B powder high
energy ball milled for 12 hours.
Figure 77: (a) SEM images of HDDR Nd-Fe-B starting powder with high magni-
fication inset (left) and powder after 185 hours of attrition milling (right) (b) SEM
image of HDDR Nd-Fe-B powder high energy ball milled for 12 hours.
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Figure 78: XRD traces of (a) Nd-Fe-B HDDR starting powder (b) front (impact)
side of recovered compact (c) back side of recovered compact
Figure 78 shows the XRD traces of the 826-3 starting powder (as-received HDDR powder) and
traces of the impact side and back side of the recovered compact. Two effects are seen in the XRD
traces of the recovered compact. The width of the diffraction peaks have increased relative to the
starting powder, and the peaks which overlap α-Fe (Iron) diffraction lines have increased in intensity
relative to the Nd-Fe-B diffraction lines. These effects are even more prominent for the back side of
the compact, which is expected to experience a higher pressure due to the effects of radial focusing
and wrap-around of the shock waves.
While performing a Williamson-Hall analysis of the XRD scans, it was noted that several of the
diffraction peaks for the 826-3 starting powder (HDDR powder) had several peak widths smaller
than the LaB6 standard. Figure 79(a) plots the peak widths verses two theta position for both the
starting powder and the LaB6 standard. The curve shown in the plot is a second order polynomial
trend line fit to the LaB6 standard points. The peak widths for the 826-3 starting powder fall
roughly around this line. This indicates that the peak widths measured in the starting powder scan
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are due primarily to instrumental broadening and that the points with peak widths smaller than
the LaB6 standard are due primarily to scatter in the data.
The Williamson-Hall plot for 826-3 compact front scan and the as-received powder are shown
in Figure 79(b). Peak widths in the as-received scan that are smaller than the LaB6 standard are
plotted as zero. While there is a large amount of scatter in the data, the Williamson-Hall analysis
shows that increase in diffraction peak width from the as-received scan to the 826-3 Front scan is
due mainly to a decrease in grain size. The intercept of the 826-3 front trend line could reasonable
fall in the range of 0.002-0.004, which corresponds to a grain size of 15-30 nm. The large amount
of overlap between peaks in the XRD trace for the back side of the compact makes performing a
Williamson-Hall analysis difficult and prevents drawing any meaningful conclusions.
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(a) Comparison of diffraction peak widths
(b) Williamson-Hall plot
Figure 79: (a) Comparison of diffraction peak widths of as-received HDDR Nd-Fe-B
and a LaB6 standard. The trend line shown is the best fit line for the LaB6 sample.
(b) Williamson-Hall plot of the as-received HDDR and the front of compact 826-3.
Peak widths which are smaller than the LaB6 standard are plotted as zero.
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Figure 80 shows SEM images of the starting powder and recovered compact 826-3. The HDDR
microstructure, shown in part (a) of the figure, has a fairly uniform grain size of approximately
300-400 nm. Part (b) of the figure shows the fracture surface of the recovered compact. While
portions of the compact have retained the original microstructure of the starting powder, other
portions show regions of localized deformation in which the Nd-Fe-B grains have broken up into
much smaller grains. This is most likely the source of the diffraction peak broadening seen in Figure
78.
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Figure 80: SEM images of HDDR Nd-Fe-B starting powder (a) and fracture surface
of recovered compact (b) following shock compaction at 722 m/s.
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Figure 81: XRD patterns for (a) attrition milled Nd-Fe-B powder, (b) aligned and
isostatically pressed pellet 1127-2 Green, and (c) sample 1127-2 following shock com-
paction.
A subsequent compaction experiment was performed on HDDR Nd-Fe-B powder that had been
attrition milled for 185 hours. The attrition milled particles were aligned in a magnetic field and iso-
statically pressed prior to the shock compaction. Figure 81 shows the XRD traces of the pre-aligned
pellet and the recovered shock compact. The XRD trace shown for the shock compacted sample
1127-2 was measured on a cross section of the compact that was then crushed into a powder using
a mortar and pestle. The field alignment has increased the (00c) family of peaks. Decomposition
has occurred similar to the one observed for the unmilled powder shown in Figure 78. Diffraction
lines corresponding to α-Fe have appeared; however, in this case, the α-Fe phase has become the
dominant phase. In addition, broad XRD lines for Nd6O11 have formed. Thus it appears that a
decomposition has occurred in which the Nd2Fe14B phase forms α-Fe and an amorphous Nd-Fe
phase. The amorphous Nd-Fe phase will quickly oxidize when exposed to air, which occurs when
the sample is removed from the capsule via machining.
Figure 82 shows SEM micrographs of the recovered compact 1127-2. Two distinct regions can be
observed. The type A regions have 200-400 nm grains, similar to the starting powder. The type B




Figure 82: SEM micrographs of attrition milled and shock compacted Nd-Fe-B at (a)
5kX and (b) 25kX. Two types of microstructural features are seen. Type A regions,
consisting of 200-400 nm grains, and type B regions, corresponding to the larger (1-5
µm) spots.
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Figure 83: High magnification SEM micrograph of the attrition milled and shock
compacted Nd-Fe-B. Areas of localized deformation are seen to blend into areas which
retain features of the original particle morphology.
indicated the composition of the larger, darker areas are very similar to the surrounding regions;
both contain approximately the same amount of Nd and Fe. The higher magnification image in
Figure 82(b) shows that the type A regions, in addition to 200-400 nm grains, also have smaller
features ∼ 50 nm in size. The type B regions have no distinct grain features, even though they are
several times larger than the original particle size.
Figure 83 shows a high magnification image of the recovered compact 1127-2. The micrograph
shows two different kinds of microstructural areas (A and B), similar to the previous micrographs;
however, in this image the two areas can be seen to blend together at the borders, as indicated by
the arrows. Similarly, the small grains in region A, lacking distinct grain outlines, blend together as
well.
An additional shock compaction experiment was performed on attrition milled powder at 980
m/s. The powder was not pre-aligned and was pressed directly into the shock capsule. Figure
84 shows the XRD traces for the attrition milled powder and the shock compacted sample 1113-
1. A shock pressure and temperature of 8.3 GPa and 570oC were estimated. In this sample, the
Nd2Fe14B has almost completely decomposed; only the highest intensity diffraction line, the (410)
line, is observed for the Nd2Fe14B phase. The α-Fe and neodymium-oxide products match the other
identifiable diffraction peaks.
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Figure 84: XRD traces of (a) attrition milled Nd-Fe-B powder and (b) the recovered
compact. α-Fe diffraction lines are marked with a circle, and neodymium oxide peaks
are marked by a diamond.
Effects similar to those observed for the HDDR powder are seen for melt-spun ribbons. Melt-
spun Nd-Fe-B ribbons of composition Nd15Fe79B6 were provided by the Naval Research Laboratory.
The ribbons were crushed using a mortar and pestle and pressed to a green density of 78%. The
sample was shock compacted in the same experiment as the HDDR powder, which was performed at
722 m/s. The recovered compact, called 826-2, was 96% dense. Comparing the as-received grain size
to the shock compacted grain size is difficult for this material, because of the non-uniform structure.
Figure 85 shows the XRD traces of the crushed ribbons and the front and the back of the
recovered shock compact 826-2. The diffraction pattern of the starting powder already has significant
peak width as compared to the HDDR starting powder shown in Figure 78. Therefore, an increase
in peak width in the recovered sample would be less noticeable. The pattern for the front of the
compact shows no significant difference in peak widths as compared to the staring powder; however,
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Figure 85: XRD traces of the crushed melt spun Nd-Fe-B ribbons provided by NRL
(a) and the front (b) and back (c) of compact 826-2
the back of the sample, which is expected to have a higher pressure due to radial focusing effects,
does have significantly broader peaks. Attempts at a Williamson-Hall analysis did not provide
meaningful results due to the amount of overlap between peaks. Similar to the results for compact
826-3, the peak at 20o, which corresponds to the 100% peak for α-Fe, has increased in the scan for
both the front and the back of the compact, relative to the starting powder, indicating a partial
decomposition.
A shock compaction experiment (1127-1) was performed on the N42 grade commercial and non-
porous Nd-Fe-B at 700 m/s. The steel shock capsule was modified so that a 1/2 inch diameter and
3/16 inch thick Nd-Fe-B sample would have a tight slip fit inside. Since the material is non-porous,
it will have a higher shock impedance, leading to a higher shock pressure, ∼ 11 GPa, than is typically
experienced for shock compaction of powders. The shock impedance will more closely match the
surrounding steel and therefore will minimize radial focusing pressure spikes. The shock temperature
is also be considerably lower, ∼ 160oC, due to the higher initial density.
Figure 86 shows the XRD traces of the as-received and shock compressed samples. There is
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Figure 86: XRD traces of (a) as-received grade N42 non-porous Nd-Fe-B and (b)
recovered material
slight decrease in texture for the shock compressed sample, as shown by the relative increase in
size of the non-(00c) peaks as compared to the (105) or (00c) peaks, but there is no evidence of
decomposition.
Parallel plate VISAR experiments were performed on N52 grade commercial Nd-Fe-B at 420 and
657 m/s. Figure 87 shows the VISAR traces converted from free surface velocity to pressure-time
plots. The Nd-Fe-B Hugoniot was used to calculate pressure from the particle velocity measured
by the VISAR. Both samples show an elastic-to-plastic transition (HEL) at 1.8 GPa. A second
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Figure 87: VISAR traces of symmetric parallel plate impact experiments on com-
mercial Nd-Fe-B samples using impact velocities of 420 m/s and 657 m/s. The elastic
to plastic transition (HEL) is marked, along with a second transition in mechanical
behavior.
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Portions of the flier plate and VISAR sample were recovered from the 420 m/s experiment in the
form of both loose powder debris and sections of the flier plate embedded in the aluminum sabot,
which is shown in Figure 88(a). No Nd-Fe-B material was recovered from the 657 m/s experiment.
The XRD traces for both types of recovered sample are shown in Figure 88(b) along with the XRD
pattern of the starting material. The XRD pattern of the loose debris shows no indication of texture
and no evidence of a decomposition. This result is similar to what would be expected if one had
ground the starting material into a powder without shock compression. The pattern for material
embedded in the aluminum sabot shows a large degree of diffraction peak broadening, but also no
clear indication of decomposition. Since this experiment was performed at a low impact velocity, it
is possible that only a small percentage of the material experienced any decomposition.
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(a) Recovered flier plate from 420 m/s VISAR experiment
(b) XRD traces of as-received commercial Nd-Fe-B, recovered loose debris, and recovered sample
embedded in the sabot.
Figure 88: (a) Image of recovered Nd-Fe-B flier plate material embedded in an
aluminum sabot and (b) corresponding XRD traces starting material, loose debris,
and material embedded in the sabot.
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Figure 89: XRD traces of (top) as-received HDDR Nd-Fe-B powder and (bottom)
compact forged at 180 m/s.
4.5.1 High Rate Forging of Nd-Fe-B
High-rate forging experiments were performed on HDDR Nd-Fe-B powder. Figure 89 shows the
XRD traces of the as-received powder and a powder compact forged at 183 m/s. Forging produces a
broadening in the XRD peaks; however, no increase in the intensity of the (00c) family of diffraction
peaks is detected.
Figure 90(a) shows an SEM micrograph of an HDDR compact forged at 198 m/s that has been
cross sectioned perpendicularly to the impact face and polished. Significant porosity can be seen
in the cross section, and the back (non-impact) side of the compact has more free particle surfaces
than the impact side, which is most likely a product of the non uniform pressure and strain rate
of the forging processes. The higher magnification micrograph shown in Figure 90(b) shows the
microstructure of the forged compact. There is no indication of elongated grains perpendicular to
the forging direction, suggesting an isotropic microstructure.
While the powder compact became embedded in the copper for high velocity forging experiments
on Pr-Fe-B/α-Fe composites, higher velocity forging experiments on the HDDR powder were fused
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(a) Polished cross section of HDDR compact forged at 198 m/s
(b) Close up image of cross section
Figure 90: SEM images of polished cross section of HDDR compact forged at 198
m/s at (a) low magnification and (b) high magnification. Impact direction is marked
on each micrograph.
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Figure 91: XRD traces of as-received Nd-Fe-B powder pressed into a hole in a
machined hole in a titanium anvil (a) and a Nd-Fe-B compact forged on to a titanium
anvil
on to the anvil. Therefore, titanium anvils were used for forging at high speed for the HDDR
material as well. Titanium does not have any diffraction lines in the 42-50o range where the largest
diffraction lines for Nd-Fe-B are expected. Figure 91 shows the XRD traces of a forged compact and
as-received HDDR powder pressed into a hole machined into the titanium anvil. A similar trend is
seen at the higher speeds used for the titanium anvil experiments. The diffraction peaks show an
increase in the peak breadth, but no indication of texture formation.
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Table 11: Experimental conditions for shock compaction of Nd-Fe-B/α-Fe compos-
ites
Sample Name Description
Relative Impact Pressure Temp
Density Velocity (m/s) (GPa) (oC)
1023-1 Green Nd-Fe-B Ball Milled 64% - 0.79 -83
1023-1 Compact Nd-Fe-B Ball Milled 98% 820 ± 60 5.8-6.0 370-380
1023-2 Green 15% α-Fe Ball Milled 67% - 0.79 -83
1023-2 Compact 15% α-Fe Ball Milled 99% 820 ± 60 6.2-6.3 400-410
1023-3 Green 25% α-Fe Ball Milled 69% - 0.79 -83
1023-3 Compact 25% α-Fe Ball Milled 96% 820 ± 60 6.7-7.0 320-330
1113-2 Green 15% α-Fe Nanoparticle Mix ∼69% - 0.79 RT
1113-2 Compact 15% α-Fe Nanoparticle Mix ∼90% 980 ± 3 8.0-8.2 530-550
1127-3 Green 15% α-Fe Nanoparticle Mix ∼62% - 0.2 RT
1127-3 Compact 15% α-Fe Nanoparticle Mix ∼90% 700 ± 3 3.4-4.1 260-330
4.6 Nd-Fe-B and Pr-Fe-B composites
§2.4.2 summarized the reports of shock compaction of Nd-Fe-B or Pr-Fe-B composites with α-Fe.
While there are several reports of shock compaction of melt-spun Pr-Fe-B/α-Fe, none of the studies
have examined the shock compaction of powders fabricated via high-energy ball milling. In addition,
this section will explore the new technique of forming composites by mixing of nanoparticles. Table
11 summarizes the properties of the Nd-Fe-B/α-Fe composites and the experimental condition for
shock compaction. This section will also present the results of high-rate forging experiments on
Pr-Fe-B/α-Fe composites.
4.6.1 Shock compaction of High-energy ball milled Nd-Fe-B/alpha-Fe
composites
Shock compaction experiments were performed to study the response of ball-milled Nd-Fe-B/α-Fe
composites. The starting materials for the ball milled composites were HDDR Nd-Fe-B and pure
α-Fe powder purchased from Alfa-Aesar. The unmixed Nd-Fe-B powder was first milled for four
hours before adding the α-Fe powder. The mixtures were then milled for an additional four hours.
Three compositions were tested: 100% Nd-Fe-B (1023-1), 85% Nd-Fe-B / 15% α-Fe (1023-2), and
75% Nd-Fe-B / 25% α-Fe (1023-3).
Figure 92 shows the microstructures of the milled and shock compacted samples for the 15%
alpha-Fe mixtures. Nano-scaled grains are visible in both the milled and shock compacted micro-
graphs.
148
Figure 92: SEM micrographs of the 85% MQA-T/15% alpha-Fe mixture in the milled

























































































Figure 94: Magnetic hysteresis curves of the recovered compacts.
Figure 93 shows the XRD traces of the as-milled powders and the recovered compacts for each
sample. The XRD traces of the as-milled powders show that composites with additional iron have
larger α-Fe diffraction peaks, as expected. All peaks in the 1023-1 (100% Nd-Fe-B) trace match the
Nd2Fe14B phase. Some amount of amorphous phase is expected in all samples, although the exact
amount is difficult to quantify. XRD patterns of the recovered samples are similar to the as-milled
powders. The most notable difference is that the main diffraction line for α-Fe has increased in the
100% Nd-Fe-B sample, similar to other shock compacted samples.
Figure 94 shows the magnetic hysteresis curves of the shock compacted samples, as measured on
the closed loop hysteresis graph at AMC. The magnetic saturation, Ms, increases with additional
iron. The Mr/Ms ratio is above 0.5 for the 100% Nd-Fe-B sample and below 0.5 for the two
composites. The XRD traces for the composite materials of both the as-milled and shock compacted
samples have very broad or unidentifiable diffraction lines, indicating a large amount of material
maybe amorphous or have a highly disturbed, nearly amorphous structure. Thus, one would expect
these materials to be somewhat magnetically soft and have a low coercivity, with limited hardening
from exchange coupling.
One hour heat treatments were performed at 450oC, 550oC, and 600oC in an argon environment.
Table 12 summarizes the magnetic properties of the as-recovered and heat treated samples. Heat
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Table 12: Summary of sample densities and magnetic properties of shock compacted
Nd-Fe-B/α-Fe composites. Magnetic saturation, Ms, is given in units of emu/g.
Coercivity, Hc, is given in units of kOe.
Sample Green Compact As-Recovered 450oC 550oC 600oC
Density Density Ms Hc Ms Hc Ms Hc Ms Hc
100%NdFeB 64 98 119 4.3 117 4.7 109 5.9 110 5.3
85%NdFeB - 15%Fe 67 99 143 2.0 140 2.4 133 4 132 3.6
75%NdFeB - 25% Fe 69 96 151 1.3 167 1.7 145 2.5 142 2.2
treatment at 550oC and above is expected to crystallize the Nd2Fe14B phase and increase the
coercivity [46]. While a slight increase is observed, the coercivity of the heat treated samples remains
low. Figure 95 shows the XRD traces of the 550oC heat treated samples. The traces show an increase
in size and breadth of the α-iron lines, but no evidence of crystallization of the Nd2Fe14B phase.
This differs from other reports in which crystallization of the Nd2Fe14B phase occurs at 550
oC [46].
This is the most likely the cause of the low coercivity measured in the heat treated samples; the high
coercivity Nd2Fe14B phase has not crystallized. In the case of 100% Nd-Fe-B sample, it appears
that the Nd2Fe14B diffraction lines have diminished.
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Figure 95: XRD traces of ball milled and shock compacted samples after heat treat-
ment at 550oC for one hour.
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Figure 96: Size distribution of attrition milled Nd-Fe-B powder. Number percentages
are shown for size groups of > 1000 nm, 1000-500 nm, 500-250 nm, and < 250 nm.
The size distribution decreases with milling time up to 183 hours of milling time.
4.6.2 Shock compaction of Nd-Fe-B/nano-Fe mixtures
Nd-Fe-B/α-Fe nanocomposites were formed in a bottom-up fashion by mixing Nd-Fe-B submicron
particles with α-Fe nanoparticles. As discussed in §4.5, attrition milling is capable of producing
submicron sized single crystal particles of Nd-Fe-B. Figure 96 shows the size distribution of attrition
milled particles for several milling times. The number percentage for four size groups of particles, >
1000 nm, 1000-500 nm, 500-250 nm, and < 250 nm, were measured from multiple SEM images. The
size distribution moves towards smaller particle sizes with increasing milling time, up to 185 hours.
Further milling beyond 185 hours does not significantly impact the size distribution, as shown by
similarities in the distributions of samples milled for 185 hours and 403 hours.
Iron nanoparticles were mixed with the attrition milled Nd-Fe-B to make a hard/soft composite.
Several commercially available nanoparticles were evaluated. Iron nanoparticles were purchased
from Alfa Aesar with a size range of 10-30 nm, from Sun Innovations with an average diameter of
25 nm, and from US Research with an average diameter of 40 nm. XRD was performed on the
nanopowders by sealing each sample between two layers of kapton inside an argon atmosphere glove
box to prevent oxidation. The reflected x-ray intensity was limited by the low apparent density of
the nanopowders, and so the powders were pressed into discs to increase the relative density. All
three powder samples had some degree of oxidation. Figure 97 shows the XRD traces the three
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Figure 97: XRD traces for three commercially available nano-iron powders.
nanopowders with the kapton background removed. All types of iron powder showed some evidence
of oxidation from the XRD traces. The amount of oxide roughly correlates with small particle size.
US Research, the largest nanoparticles of the three types, had the least amount of oxidation.
VSM loops, performed at Georgia Tech, were measured on all three types of nanoparticles.
Figure 98 shows the M-H hysteresis curves for the three iron powders along with the curve for the
attrition milled Nd-Fe-B. Since the maximum field used for the VSM measurements (1.2T) is low, the
Nd-Fe-B sample did reach saturation. The M-H curves shown are not corrected for demagnetizing
fields, and the small remanence and coercivity values of the iron nanoparticles are particularly
susceptible to this error; however, the saturation magnetization, Ms, measurements should not be
significantly affected. The Ms value for the Alfa Aesar sample is lower than the Ms value for the Nd-
Fe-B, even for the minor loop measured in this instance. Thus, adding the Alfa-Aesar nanoparticles
to the Nd-Fe-B particles is not expected to increase the magnetization of the bulk magnet.
The U.S. Research (USR) nanoparticles have the highest Ms value, 203 emu/g, most likely due
to the lack of oxidation seen from the XRD trace. Therefore, the US Research nanoparticles were
selected for use in shock compaction experiments. Figure 99 shows the morphology of the as-received
nanoparticles purchased from US Research. While the 30-40 nm particle size is typical, a few micron
sized particles are also seen.
The iron nanoparticles were first ball milled separately from the Nd-Fe-B in order to study the
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Figure 98: VSM curves for three commercially available nano-iron powders and
attrition milled Nd-Fe-B.
Figure 99: SEM micrograph of iron nanoparticles purchased from U.S. Research
Nanomaterials with an average size of 30-40 nm. The powder also contains some
large particles with diameter up to 1-2 µm.
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Figure 100: XRD patterns for (a) as-received US Research iron nanoparticles and
(b) nanoparticles milled for 100 minutes.
effect of the deformation due to milling. The US Research nanoparticles were milled in anhydrous
toluene for 100 minutes using a 1:3 ball to powder mass ratio. Figure 100 shows XRD traces for the
as-received nanoparticles and milled powders. There is no significant increase in oxide, as shown by
the size of the oxide peak at 43 degrees. Likewise, the saturation magnetization value, as measured
by VSM, has decreased only slightly from 203 to 200 emu/g.
The attrition milled Nd-Fe-B particles and the nanoparticles were mixed by high-energy ball
milling in a toluene slurry. The 15% nano-iron mixtures were milled using 10 1/8” diameter steel
balls, which corresponds to a 1:3 ball mass to powder ratio. Smaller balls and a lower ball to
powder mass ratio were used as compared to the experiments described in §4.5 in order to limit the
deformation introduced into the Nd-Fe-B. Figure 101 shows SEM micrographs of mixtures of the Sun
Innovations nanoparticles and attrition milled Nd-Fe-B after high-energy mililng for 10, 100, and
1000 minutes. A significant amount of clustering of nanoparticles is present in the 10 minute mixed
powder. The 100 minute mixed powder shows a fairly even dispersion of iron nanoparticles with
only a few clusters. The 1000 minute mixed powder, while having well dispersed iron nanoparticles,
also has significant contamination from the milling media. There are many larger particles, ∼10
µm diameter, present in the powder. EDS performed on these particles indicates that these large
particles are mainly iron with some silicon and light elements, suggesting that they are formed from
chipping of the steel balls or steel container.





Figure 101: SEM micrograph of mixtures of 15% nano-iron powder with attrition
milled Nd-Fe-B powder. The powders are mixed by high-energy ball milling for 10,
100, 1000 minutes.
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Figure 102: XRD pattern for shock compacted sample 1113-2.
particles. Figure 102 shows the XRD trace of the recovered compact. While the Nd-Fe-B has mostly
decomposed in α-Fe, small peaks corresponding to the Nd2Fe14B phase are present in the trace for
the recovered compact. This differs from the results for sample 1113-1 (unmixed Nd-Fe-B submicron
particles) shown in Figure 84, which showed no retention of the Nd2Fe14B phase.
Because α-Fe is a main decomposition product, detecting the iron-nanoparticles by XRD is not
feasible. Nevertheless, some areas of the compact show retention of the nanoparticles, as seen by
SEM microscopy. Figure 103 shows SEM micrographs of the starting material, a mixture of attrition
milled Nd-Fe-B and USR nanoparticles, and the recovered compact. Both types of particles in the
mixture can be seen in Figure 103(a). The larger particles, 200-2000 nm in diameter, are the Nd-
Fe-B particles, while the 30-50 nm particles are the nano-iron particles. In the shock compact, the
decomposition of the Nd-Fe-B phase creates a matrix material around the nanoparticles, making
them appear less distinct in SEM images. Figure 103(b) shows an area of the compact with grains
of similar size to the iron nanoparticles, indicating possible retention of the size of the nanoparticles.
However, some heterogeneities exist in the compact, as other areas have grain sizes in between the
size of the typical iron nanoparticle or Nd-Fe-B particle, as shown in Figure 103(c). These areas may
be regions in which grain growth has occurred in the α-Fe phase, although the wide size distribution
of the original nanoparticles makes this difficult to determine with any certainty.
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(a) Mixture of attrition milled Nd-Fe-B and USR iron nanoparticles.
(b) Area of shock compact showing retention of the grain size of the iron nanopar-
ticles.
(c) Area of shock compact showing possible growth in size of the nanoparticles.
Figure 103: SEM micrographs of a) mixture of attrition milled Nd-Fe-B and USR
iron nanoparticles, and recovered compact showing b) region with little or no growth
in the size of the nanoparticles and c) area with possible growth in the size of the
nanoparticles.
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Figure 104: XRD traces of 1127-3 green (α-Fe and Nd-Fe-B nanoparticle mixture)
and recovered compacts.
Samples of the attrition milled Nd-Fe-B and 85% Nd-Fe-B / 15% US Research nano-iron powder
were sent to Advanced Materials for alignment by magnetic field. XRD traces of the nanoparticle
mixture and the shock consolidated compact, sample 1127-3, are shown in Figure 104. The XRD
traces showed similar decomposition of Nd2Fe14B phase as the 1127-2 compact, which contained only
the attrition milled Nd-Fe-B particles. Figure 105 shows SEM micrographs of the 1127-3 starting
powder and recovered compact. Similar to compact 1113-2, retention of the nanoparticles can be
seen in the SEM micrograph. No obvious areas of grain growth were observed, although proving a
lack of grain growth in the iron nanoparticles is very difficult to achieve by microscopy. The lower
shock temperature associated with this experiment, as compared to the 1113-2 experiment, may
have slowed grain growth.
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(a) Mixture of attrition milled Nd-Fe-B and iron nanoparticles
(b) Shock compacted mixture of aligned Nd-Fe-B and iron particles
Figure 105: SEM micrographs of (a) starting material composed of a mixture of
attrition milled Nd-Fe-B particles and iron nanoparticles and (b) the microstructure
of the recovered shock compact.
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Figure 106: Small gun forging projectiles recovered after impacting a hardened steel
anvil at impact velocities ranging from 96 to 254 m/s. The impact speed is written
above each projectile.
4.6.3 High rate forging of Pr-Fe-B/alpha-Fe composites
A series of high-rate forging experiments were performed in which the pellet of the Magnaquench
Pr-Fe-B/α-Fe powder was mounted on a copper projectile and impacted a hardened steel anvil at
a range of speeds from 73 to 417 m/s. Figure 106 shows several of the recovered copper projectiles
from these experiments with the impact speed labeled above each one. The radial and axial strain
in the copper projectile increases with increasing impact speed. An indentation can be seen in each
projectile indicating the approximate size of the forged pellet.
The size of the indentation is significantly smaller for the 228 m/s and 254 m/s projectiles
than for slower speed projectiles, with not much change in size between the two. Shots with impact
velocities of 315 m/s and 417 m/s show a similar pattern: larger amounts of deformation and tearing
in the copper, but similar sized small powder compacts embedded in the center of the copper. It
is possible that, at these speeds, the center portion of the powder compact increases in density and
hardness until its flow strength surpasses the flow strength of the copper. The copper then begins
to flow around the powder compact instead of producing additional compaction or deformation.
Therefore, increasing the impact velocity above 228 m/s is not expected to significantly change the
deformation behavior.
Powder compacts were recovered for all experiments at 73 m/s to 254 m/s. Figure 107 shows an
image of a typical forged compact. The small size of the recovered compacts makes measuring their
density difficult. The immersion test will be more sensitive to errors associated with any bubbles
that form on the compact or any contaminants attached to the compact, such as residual copper.
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Figure 107: Image of a typical forged compact
Figure 108 shows the measured densities of several recovered compacts. The error bars shown in the
figure are the standard deviation of at least three measurements or a minimum of +/- 0.5 g/cm3.
These results suggests that no significant amount of densification is taking place during the forging
event.
Figure 109 shows the XRD patterns for the impact face for several of the recovered compacts.
The (00c) family of peaks occur at 29.1o, 44.3o, and 60.4o for XRD Pr2Fe14B with copper Kα1
radiation. The 44.3o peak overlaps the 100% peak for α-Fe and so an estimate of the texture must
focus on the other two peaks. The two traces from forged compacts shown in Figure 109 have no
significant change in intensity relative to other diffraction peaks as compared to the unforged pellet.
Instead, there is some broadening that occurs in the peaks; however, analysis of the peak broadening
is difficult due to the number of overlapping peaks.
Additional experiments above 254 m/s were performed using a titanium anvil and projectile.
For comparison purposes, a hole was machined in a titanium anvil and the as-received powder was
pressed inside. Figure 110 shows the XRD traces for a forging experiment performed at 400 m/s
and the as-received powder pressed into a titanium anvil. These forging experiments show a similar
result as the lower velocity experiments. The deformation creates an increase in the diffraction peak
width but no indications of texture development.
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Figure 108: Density of Pr-Fe-B/α-Fe composite powder compacts forged at a range
of impact velocities. Density is measure by the Archimedes method and error bars
represent the standard deviation or a minimum error of +/- 0.5 g/cm3. The dashed
line indicates the initial density of the unforged compacts, 6.4 g/cm3.
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Figure 109: Pr-Fe-B/α-Fe XRD traces of (a) pressed pellet prior to forging (b)
compact forged at 183 m/s (c) compact forged at 254 m/s.
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Figure 110: Pr-Fe-B/α-Fe composite powder XRD traces (a) pressed into the anvil




This chapter will analyze key results presented in Chapter 4. The magnetic properties, phase trans-
formations, and deformation mechanisms observed in the shock compacted samples are discussed
and compared among the various systems. The possibility of developing texture through plastic
deformation and alignment by magnetic field prior to shock compaction is also discussed.
5.1 Magnetic Properties of Shock Consolidated Materials
Magnetic property measurements are only available for a few shock compacted samples. The hys-
teresis loops for Fe16N2 samples shown in Figure 62 reveal that the saturation magnetization has
decreased for both shock compacted samples relative to the starting powder, which is most likely
due to the thermal decomposition of the α′′-Fe16N2 phase. Comparing the two compacts, the -21
oC
compact has a higher saturation magnetization than the -126oC compact, due to the higher percent-
age of α-Fe present. The slightly higher coercivity in the -126oC compact is most likely due to the
higher Fe4N content.
Table 12 (§4.6.1) shows the magnetic properties for the series of Nd-Fe-B/α-Fe composites
formed by ball milling and shock compaction. While the saturation magnetization of the recovered
compacts increases with increasing nominal iron content, the coercivity significantly decreases. The
XRD traces in Figure 93 show that diffraction peaks for the Nd2Fe14B phase are very broad or
unidentifiable in the recovered samples. This means that there is relatively small amount of crys-
talline Nd2Fe14B phase present or that the Nd2Fe14B phase that is present is highly disordered, and
this is most likely the cause of the low coercivity. The lack of crystalline Nd2Fe14B phase is due in
part to the ball milling, since the as-milled traces in Figure 93 also show very broad peaks; however,
shock compaction increases the relative size of the α-Fe peaks, indicating a decrease in the relative
amount of Nd2Fe14B.
The magnetic measurements from these samples indicate that phase transformations can neg-
atively affect the magnetic properties of shock compacted samples. Developing high performance
magnets through shock compaction will require careful control of the starting material and com-
paction conditions in order to minimize potential phase transformations. The following section, §5.2
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will discuss the phase transformations observed in shock compacted materials more thoroughly.
5.2 Phase transformations in Shock Consolidated Materi-
als
As discussed in §2.3.4, phase transformations in shock compacted materials can be caused by a variety
of mechanisms. Allotropic transformations can be driven by a shock-induced mechanism in which
the new phase is formed from coordinated short range movement of atoms, similar to martensitic
transformations [97, 94, 95], in the time scale of the high pressure state. The deformation associated
with shock compaction can aide certain transformations, such as mixing and alloying in intermetallic
reactions [102, 101] and crystallite size reduction in crystalline-to-amorphous transitions [100, 104].
The work of shock compression and plastic deformation can result in bulk temperature increases and
promote defect-enhanced solid state diffusion reactions in time scales of temperature equilibration.
[99, 143]. In the phase transformations observed in the shock compacted magnetic materials studied
in this work, there are examples for each of these transformation mechanisms in certain cases.
Phase transformations are observed to occur in several of the magnetic materials studied in this
work, summarized in Table 13, and these will be discussed in further detail in the following sections.
For the partial transformation of Fe4N to Fe3N, there is evidence that the transformation is shock
Table 13: Summary of phase transformations observed in magnetic materials.
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(stress)-induced and that the defects generated during shock compaction aide the transformation.
The decomposition of Fe16N2 appears to be thermally driven, although the formation of γ
′′-FeN may
be linked to defects created during shock compaction. Decomposition to α-Fe and an amorphous
Nd-Fe-B phase is observed in shocked compacted samples of Nd2Fe14B. Shock compacted samples
of Sm2Fe17N3 have little or no evidence of decomposition, since only small changes in the relative
amount of α-Fe were observed. The deformation generated from shock compaction aides the de-
composition of the magnetic phase in several of these material systems. Ball milling serves as an
alternate method of introducing deformation in the powder samples, and decomposition reactions
are observed in ball milled samples similar to those observed in shock compacted samples. This
section will discuss the mechanism for phase transformation in each material system in more detail.
5.2.1 Fe4N
As shown in Figure 59, the shock compaction of FCC γ′-Fe4N results in partial transformation to a
HCP ε-Fe3N phase. While iron nitride will form a mixture of Fe4N and Fe3N for nitrogen content
between 19-26% [144, 145], Yao et al. [146] showed that the ε-Fe3N phase is the main stable iron
nitride phase at high pressures. The authors showed that iron-rich nitride (FexN with x=3.5-4.5)
will form Fe3N when annealled in a high pressure tungsten-carbide anvil cell. They attribute this
phenomena to the lower molar volume of Fe3N compared to Fe4N over this composition range and
identify the critical pressure for 20% nitrogen content (Fe4N) as approximately 3 GPa. It is therefore
not unexpected to see a γ′ to ε transition in the shock compacted sample, since the lower bound of
the shock pressure (6.3 GPa) is considerably higher than this critical pressure. This suggests that
the transformation of Fe4N to Fe3N is stress induced.
The formation of Fe3N is also possible due to plastic deformation of the powder during shock
compression. In order to study the effect of plastic deformation on the phase transformation, ball
milling experiments were preformed on Fe4N powder. Ball milling was performed on FexN (x=3.8)
powder obtained from Alfa Aesar for milling times up to 48 hours. Figure 111 shows the XRD
traces for the unmilled powder and powder milled using a 1:1 ball mass to powder mass ratio .
Bragg diffraction peaks for both γ’-Fe4N and ε-Fe3N phases are observed in the pattern for the
unmilled powder (pattern a). Based on the ratio of the area of the main peak for each phase,
the unmilled powder contains γ’-Fe4N and ε-Fe3N in the ratio of of approximately 6:1. Milling
quickly increases the relative intensity of the ε-Fe3N peaks, as seen in the (b) and (c) patterns. The
milled structure eventually reaches a steady state structure (pattern d) after approximately 24-36
hours. In the (d) pattern the ε-Fe3N peaks have broadened and shifted to higher angles while the
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Figure 111: XRD of ball milled powders (a) as received (b) 1 hr (c) 6 hrs (d) 36 hrs.
γ’-Fe4N peaks have disappeared or diminished to the point where they are not distinguishable from
the ε-Fe3N peaks and background noise. Milling up to 48 hours produces no significant changes in
the XRD pattern. Using a 12:1 ball to powder mass ratio, however, achieves a structure similar
to the one in pattern (d) after 2 hours of milling. Chilling the vial with dripping liquid nitrogen
produced no changes in the XRD pattern of the milled powder for corresponding milling times. Both
temperatures take approximately 24 hours to achieve the steady state structure and produce nearly
identical XRD traces for corresponding milling times.
Transformation of γ′-Fe4N to ε-Fe3N has been linked to deformation in previous reports of high-
energy ball milling [144]. Sumiyama et al. [144] suggest that the γ’ to ε transformation is not a
martensitic formation of a BCT structure, as had been previously suggested [147]. They theorize
the phase change from FCC to HCP arises from a build up of stacking faults caused by the milling
deformation. The difference between the material composition FexN (x=3.6) and the stoichiometry
of the ε-Fe3N is accounted for with additional unoccupied interstitial sites.
The stacking fault mechanism proposed by Sumiyama et al. [144] may be applicable to the
shock compacted samples from this work. As the pores in the compact collapse, pockets with
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extensive deformation will develop around the closed pore. These highly deformed regions would
be more likely to produce ε-Fe3N. The XRD traces of shock compacted Fe4N in Figure 59 show
only a partial transformation to the ε-Fe3N structure even though the shock pressure was well above
the critical pressure for stress-induced formation of Fe3N. The short duration of the pressure pulse,
approximately 4 microseconds as estimated by the simulations, may have halted a stress-induced
transformation prior to completion. The partial transition may also be explained by the staking
fault mechanism, since areas near a collapsed void may undergo more deformation than surrounding
areas.
5.2.2 Fe16N2
Decomposition is clearly observed in shock compacted α′′-Fe16N2, and the process appears to be
thermally driven. The XRD traces shown in Figure 61 reveal that the shock compacted sample with
an initial temperature of -21oC forms primarily Fe4N and α-Fe, which are the expected thermal
decomposition products. In addition, the grain size estimates obtained from the Williamson-Hall
analysis are achievable by diffusion given the bulk heating generated by shock compaction.
The rate limiting process for decomposition of α′′ is diffusion of nitrogen in γ′ [148]. Fall et
al. [148] reported that the activation energy for the formation of γ′-Fe4N from α
′′, 94 kJ/mol, is
equivalent to the the activation energy for diffusion of nitrogen in Fe4N. In addition, the diffusivity
of nitrogen in α-Fe, DNα = (5.2 x 10
−8 m/s)exp[(-72 kJ/molK)/RT ], is much larger than for γ′, for
which DNγ′ = (6.8 x 10
−10 m/s)exp[(-94 kJ/molK)/RT ] [149, 150, 148].
An approximate diffusion distance can be found by using the X ≈
√
Dt approximation and
numerical integration of the time-temperature curves in Figure 65. For nitrogen diffusion in γ′, this
process gives a diffusion distance estimate of ∼20 nm for the center of the -126oC compact and close
to 0 nm for the outside of the sample. In the -21oC compact the center portion of the sample will
have a diffusion distance in excess of 100 nm. It should be noted that these numbers represent an
overestimate, since thermal conduction from around the circumference of the samples was ignored.
Williamson-Hall analysis of the XRD peaks estimates the grain size of the γ′ phase to be roughly
10 nm for both compacts. Given the assumptions made in calculating the diffusion distance and
the error associated with the Williamson-Hall technique, these values can be considered to roughly
agree with each other for the -126oC compact. While the expected diffusion distance is significantly
larger the grain size in the -21oC compact, XRD analysis suggests the additional shock induced bulk
heating aides in completing the transformation of γ′′-FeN to γ′-Fe4N and α-Fe and decreasing the
microstrain, instead of increasing the grain size.
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Given the above analysis, it is probable that the phase changes detected in the shock compacted
samples of Fe16N2 are a result of bulk heating that persists after passage of the shock wave. The
retained α′′-Fe16N2 most likely resides in the outer sections of the compacts, while the inner portions
produce a diffusional transformation to α-Fe and γ′-Fe4N. In §5.2.1, it was shown that γ′-Fe4N
partially transforms to ε-Fe3Nx under shock loading. The lack of an ε-Fe3N phase in the XRD
traces suggests that the γ′-Fe4N phase is not formed during the primary shock wave, but primarily
as a result of thermal effects.
Despite the evidence for a thermally driven solid-state diffusion reaction, it is possible that
plastic deformation during shock compaction also plays a role. Weighting the nitrogen content by
the relative amount of each phase listed in Table 7, the starting powder has roughly the same amount
of nitrogen as the -21oC sample. However, if one assumes no nitrogen vacancies, then the -126oC
sample has considerably higher nitrogen content than Fe16N2, due to the presence of the γ
′′-FeN
phase. A higher degree of microstrain was found from the Williamson-Hall analysis of the -126oC
sample, as shown in Figure 64. The additional microstrain in the -126oC sample may indicate
a higher dislocation density in the -126oC sample, and these dislocations may help accommodate
additional nitrogen vacancies. As discussed in §2.3.3, dislocations formed during shock compression
can create an especially large number of vacancies. The longer thermal excursion of the -21oC sample
helps to remove dislocations by annealing and serves to further the decomposition reaction.
5.2.3 Nd-Fe-B
Shock compaction of Nd2Fe14B was observed to create a decomposition reaction in which α-Fe and
Nd-oxides are formed. The oxides are most likely the result of oxidation of an amorphous Nd-Fe-B
phase that occurs after recovery of the shock compacted samples. The decomposition is most readily
detected by an increase in the α-Fe (110) diffraction line, which overlaps the (331) diffraction line
for Nd2Fe14B. The overlap of the diffraction peaks can make the decomposition products difficult
to detect unless careful analysis of the XRD pattern is performed. In the case of Nd2Fe14B/α-Fe
composites, there is already a larger than normal Nd2Fe14B (331) + α-Fe (110) peak, which makes
detecting the decomposition even more difficult. Evidence of this decomposition can be seen in the
XRD traces for all shock compacted samples, but shock compacted samples 1113-1 (Figure 84) and
1127-2 (Figure 82) show the greatest degree of decomposition.
A decomposition process similar to the one seen in shock compacted Nd-Fe-B is also observed
to occur in high-energy ball milled Nd-Fe-B powders. XRD traces for ball milled HDDR powder
are shown in Figure 76(b). The effects seen in the XRD traces of ball-milled powders are similar to
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Figure 112: Fraction of phases present in ball milled Nd-Fe-B as a function of milling
time. [46]
the ones seen in shock compacted samples 826-3 (Figure 78) and 826-2 (Figure 85), the Nd2Fe14B
diffraction peaks broaden and diminish while the α-Fe diffraction lines increase. Previous reports
have studied the decomposition of Nd-Fe-B during ball milling [46, 151]. Figure 112 shows the
relative amount of Nd2Fe14B and it’s decomposition products as a function of milling time, as
reported by McCormick et al. [46]. The figure shows that the α-Fe and amorphous Nd-Fe-B are
the main constituents in samples with extended milling times. The McCormick et al. [46] study
used a combination of XRD, Mössbauer, and TEM to determine the relative amounts of phases.
Determining the amount of amorphous phase from XRD alone is difficult.
Deformation clearly plays a crucial role in the decomposition of shock compacted Nd-Fe-B. The
XRD traces for front and back of the 826-3 compact (as-received HDDR starting powder) in Figure
78 and for the 826-2 compact (NRL-melt spun starting powder) in Figure 85 show the same pattern.
The back side trace shows more peak broadening and a larger increase in the size of the α-Fe peak
than the front side. While the back side of the sample will experience a larger shock pressure
due to radial wave focusing, it will also see a less uniform shock wave. Deviations from a planar
shock wave will increase the non-hydrostatic portions of the loading condition and increase localized
deformation. The results of shock compression experiment 1127-1 (Figure 86) on nonporous Nd-Fe-
B stand in contrast to the shock compaction of powder experiments. The lack of initial porosity in
the sample will significantly reduce the severe plastic deformation created during shock compression.
As a result, there is no indication of decomposition, despite the higher shock pressure expected for
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the experiment.
It is worthwhile examining the possibility that the decomposition of the Nd2Fe14B phase is
caused by melting. Figure 5(a) shows a two-dimensional section of the phase diagram passing
from the pure iron corner through the stoichiometric Nd2Fe14B point. The melt temperature is
1155-1300oC for the typical Nd content (12-15%); however, the Nd2Fe14B phase (T1 in the phase
diagram) is not stable above 1155oC. Between the melt temperature and 1155oC, crystalline γ-Fe
(FCC) and liquid are present. Below 1155oC the peritectic reaction shown in Eq. 31 occurs for
materials with composition near the stoichiometric point (Nd=11.8%) [24].
L+ γFe
 Nd2Fe14B (31)
However, this peritectic reaction is reversible. Hence, one would expect crystallization of the
Nd2Fe14B phase to occur unless the material was rapidly quenched.
Bulk melting is unlikely to have occurred in any of the shock compacted samples. The bulk
shock temperature for each experiment is shown in Table 10 and the calculated bulk temperature is
significantly lower than 1155oC for all experiments. However, localized deformation at the interfaces
between particles can cause temperature spikes along the outer shells of particles and subsequent
rapid quenching as the temperature equilibrates with the inner core of the particle. Gourdin [91]
estimated the temperature rise profile for a range of shock compacted metal powders. The rise in
surface temperature was estimated to be 2-3 times the bulk temperature, depending on the type
of powder and whether the latent heat of melting was considered. Applying similar ratios to the
Nd-Fe-B shock compaction experiments in this work, only the 1113-1 compact (∼550 bulk shock
temperature) would be expected to experience significant surface melting; however, this sample
shows extensive decomposition that would likely require melting in the bulk of the material. In
addition, Gourdin [91] notes that the energy flux is independent of surface area for monosized
spheres; therefore, the surface temperature will increase with increasing particle size. In the present
work, samples with a smaller particle size achieved through attrition milling, such as 1113-1 and
1127-2, show a greater degree of decomposition than compacts with a larger initial particle size,
such as 826-3 and 826-2. This would indicated that the decomposition is most likely not caused by
melting and rapid quenching.
In addition, the results of the VISAR experiments serve as evidence that the decomposition
reaction is a shock-induced phase transition. Two transition points are seen in the VISAR trace
showin in Figure 87. The first transition, occurring at 1.8 GPa, is mostly likely the dynamic yield
strength in compression, also known as the Hugoniot Elastic Limit (HEL). Deformation above this
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Figure 113: XRD traces of Nd-Fe-B shock compacted at three different pressures.
[107]
pressure occurs mainly by fracture and grain size reduction. The second transition (4.8 GPa), may
indicate the onset of decomposition. An alternate interpretation is that Nd2Fe14B undergoes a high
pressure phase transition. The phase transition may be reversible upon unloading and the new
phase may decompose into the products seen in the recovered samples. Regardless of the nature
of the second transition, its presence in the VISAR traces indicates that the phase transformation
or decomposition occurs while in the shock loaded state. This provides further evidence that the
decomposition is not caused by melting, since both bulk heating and surface heating will be limited
in the nonporous samples used in the VISAR experiments.
All of the shock compacted Nd-Fe-B samples studied in this work had some degree of decompo-
sition, although the amount of decomposition varied. This is striking since no previously published
studies of shock compaction of Nd-Fe-B note any decomposition. However, reexamination of the
reports in the literature that provided XRD traces of recovered samples shows that there is indeed
evidence of decomposition in these samples as well.
Figure 113 shows the XRD traces of three shock compaction experiments performed by Chan-
dramouli et al., along with the trace of the as-milled powder [107]. While a small amount of α-Fe
is present in the as milled samples, the size of the α-Fe peaks has increased relative to the Nd-Fe-B
peaks for the samples compacted at 48 kbar (4.8 GPa) and 99 kbar. The 193 kbar sample has
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Figure 114: Pressure-Temperature relationship for Nd-Fe-B with an ∼ 60% initial
density.
undergone a near complete decomposition, with only the α-Fe phase showing in the XRD trace.
The authors estimate the initial packing density at ∼ 50-60%. For this initial density, one can
use the Nd-Fe-B Hugoniot shown in Table 5 to calculate an approximate shock temperature. The
resulting pressure-temperature dependence is shown in Figure 114 for 55% initial density. The au-
thors attribute the transformation seen in the 193 kbar sample to melting, noting that melting of
Nd2Fe14B produces liquid and crystalline Fe. The 193 kbar (19.3 GPa) experiment corresponds to
an approximate bulk shock temperature of ∼2000-2600oC, which clearly exceeds the 1155oC melt
temperature. As noted above, the sample will have to undergo rapid quenching in order to prevent
recrystallization of the Nd2Fe14B phase. It is possible that some portions of the samples reported by
Chandramouli et al. [107] may have undergone rapid quenching, while other sections may experience
a slower cooling. Due to the large amount of noise in XRD pattern shown in Figure 113 for the
sample tested at 193 kbar, a small amount of Nd2Fe14B phase formed in the slower quenched areas
may have gone undetected.
The pressures reported for the other two experiments, 48 and 99 kbar, correspond to shock
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Figure 115: XRD trace of explosive shock compacted Nd-Fe-B sample reported by
Guruswamy et al. [108].
temperatures of 340-620oC and 960-1300oC respectively over the 50-60% range of intial densities.
The authors do not describe how they calculate the shock pressure, so the uncertainty in the shock
temperature may be even greater. While the 99 kbar experiment may have experienced some melting,
the shock temperature for the 48 kbar experiment is signficantly below the melt temperature, yet
both the 99 and 48 kbar experiments have indications of an increase in the amount of α-Fe relative
to the starting powder. This indicates that the sample may have experienced decomposition due to
mechanical deformation instead of melting and rapid solidification.
Guruswamy et al. [108] performed explosive driven shock compaction of melt-spun Nd-Fe-B
powder. They estimated the shock pressure to be approximately ∼6GPa. Figure 115 shows the
XRD trace reported for one of the shock compacted samples. The XRD trace for the starting
powder was not reported, but the powder was produced by Magnaquench, Inc. and was type MQP-
B, which has Nd content of ∼12.5%. For compositions with Nd content above the stoichometric
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point of 11.8%, no α-Fe phase is expected [24]. For this case, one would expect the (410) peak to
the be the largest peak, whereas the pattern in Figure 115 shows the (410) peak as being of equal
height to the (314) peak. Since the (314) peak overlaps the 100% intensity α-Fe diffraction peak
(110), a partial decomposition would appear as an increase in the height of the (314) peak. Without
the diffraction pattern of the starting material, it is difficult to discern if a partial decomposition
has occured, but this XRD trace shows that it is a possiblity.
5.2.4 Sm-Fe-N
In contrast to the other magnetic phases, Sm-Fe-N is fairly stable during shock compaction. Although
the decomposition temperature is debated [25, 26], thermal decomposition of Sm2Fe17N3 produces
α-Fe, Fe4N, and SmN, as shown in Equation 11. Therefore, any decomposition of the Sm2Fe17N3
phase would mostly likely be detected as an increase in the relative amount of α-Fe in the XRD
trace. The 804 and 816 samples, shown in Figure 66, have no change or very small changes in the
amount of α-Fe. While the initial amount of iron in the 677 sample is not known, the recovered
compact also has a small fraction (∼4%) of iron. The temperature estimates listed in Table 8 show
that the bulk shock temperature never reaches the 400-475 range that Katter et al. [26] identified
as the point at which magnetic properties begin to degrade. The temperature-time curves shown
in Figure 67 indicate that the stable long term operating temperature estimated by Skomski [25],
250-300oC, is only exceeded for ∼ 1 second for the center of the sample and for even shorter times
for the outer portions of the sample.
Previous reports have demonstrated the stability of Sm2Fe17N3 under shock compression [122,
124, 126]. Figure 116 shows the XRD traces for several shock compacted Sm-Fe-N samples and the
starting powder as reported by Mashimo et al. [122]. XRD traces are presented for shock compaction
experiments performed at 12.8, 15.5, 19.2, and 29.0 GPa, and the impactor material and impact
velocity for each experiment are also indicated. The XRD traces show increased diffraction peak
broadening but no increase in α-Fe for experiments (b) and (c) performed at 12.8 and 15.5 GPa
respectively. The Sm2Fe17N3 phase begins to decompose for shock compaction pressures above 15.5
GPa, as shown by an increase in the α-Fe diffraction line. In a subsequent report, Mashimo et
al. [124] found no decomposition in shock compacted samples with a shock pressure of 14.6 and
14.7 GPa but an increase in the amount of α-Fe in samples compacted with a shock pressure of
15.8 and 15.9 GPa. While Mashimo et al. [122, 124] tested other factors, such as compacting the
samples in vacuum or air, their results indicate that decomposition in shock compacted samples is
mainly pressure dependent and begins at shock pressures greater than ∼15.5 GPa. Their results
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Figure 116: XRD traces of (a) Sm-Fe-N starting powder and shock compacted sam-
ples with primary shock pressure of (b) 12.8 GPa (c) 15.5 GPa (d) 19.2 GPa and (e)
29.0 GPa. The impactor plate material and impact velocity are also indicated for
each experiment. [122]
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are consistent with the results from the shock compaction experiments performed in this work. The
samples from this work had a shock pressure (∼5-8 GPa) that is well below the 15.5 GPa critical
point, and these samples show little or no decomposition.
Figure 117(a) shows the XRD traces for ball milled samples of Sm-Fe-N with different milling
times. While ball milling increases the diffraction peak width, decomposition, as shown by an
increase in α-Fe, occurs only for long milling times. This is shown more clearly in Figure 117(b),
which shows the α-Fe content for various milling times. As milling time increases, the overlap in
the Sm-Fe-N peaks increase, making quantitative analysis more difficult. This is the reason for the
increasing size of the error bars in Figure 117(b). A more detailed explanation for estimating the
size of the error bars is provided in Appendix B.
The XRD traces for ball milled samples shown in Figure 117(a) share many similarities with
the XRD traces for shock compacted samples in Figures 66 and 116. Increasing milling time or
increasing shock pressure produces additional diffraction peak broadening, but formation of α-Fe only
begins for long milling times and high shock pressures. This indicates that decomposition of shock
compacted Sm2Fe17N3 is linked to the deformation produced by shock compaction. The Sm2Fe17N3
S phase is stable for small amounts of deformation; however, large amounts of deformation causes
decomposition, resulting in the formation of the α-Fe decomposition product.
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(a) XRD traces of ball milled Sm-Fe-N
(b) Iron content of ball milled Sm-Fe-N
Figure 117: (a) XRD traces of ball milled Sm-Fe-N powder with milling times up 12
hours. (b) α-Fe content in each sample as determined from XRD analysis.
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5.2.5 Composite Systems
While forming composites from the magnetic materials discussed above would alter the local stress
condition and potentially change the compaction behavior, it does not seem to significantly alter the
stability of any of the magnetic phases. XRD traces of shock compacted Sm-Fe-N/Fe16N2 composites
shown in Figure 72 and Figure 74 show that the Fe16N2 phase decomposes in all cases. For the Sm-
10%16-2 sample, the expected shock temperature is near (but just above) the stable temperature
for the Fe16N2, yet decomposition still occurs, as shown by the lack of the α
′′ diffraction peaks
(004) and (422). The samples with a higher percentage of Fe16N2, displayed in Figure 74, show
that similar Fe16N2 products are produced in the composite. The XRD trace for Sm-Fe-N/Fe4N
composite shown in Figure 75 show that the Fe4N phase is at least partially retained. The small
initial percentage of Fe4N and the overlap of diffraction peaks means that detecting the formation
of Fe3N is not possible for this sample.
Detecting decomposition of the Nd2Fe14B phase in Nd-Fe-B/α-Fe composites is difficult since
the α-Fe decomposition product is already present. The XRD traces of compact 1023-2 and 1023-3
of ball milled Nd-Fe-B/α-Fe in Figure 93 may have some increase in the α-Fe diffraction peak, but a
lack of other diffraction peaks makes comparison difficult. The Nd-Fe-B/α-Fe composites made by
mixing nanoparticles (1113-2 and 1127-3) demonstrate more clearly that the Nd2Fe14B phase will
decompose in composite form, as shown in Figure 102 and Figure 104.
Jin et al. published several reports of shock compaction of melt-spun Pr-Fe-B/α-Fe composites
[15, 16]. Figure 118 shows the XRD traces for the front and back of recovered compacts after impact
at 880 m/s. The trace for the front of the sample has an increase in peak width compared to the
starting powder, and the back of the sample has both increased width and an increase in the α-Fe
diffraction lines. The authors report the peak pressure calculated from 2D AUTODYN simulations,
instead of the primary pressure, but indicate that the back of the sample experiences a pressure
roughly twice that of the front of the sample. The difference seen for XRD traces of the front and
back of the samples are similar to those in Figures 78 and 85 for non-composite Nd-Fe-B.
5.3 Deformation Behavior
Deformation of Sm2Fe17N3 bears some similarity to Nd2Fe14B. In both types of materials, deforma-
tion is accommodated primarily by a reduction in grain size for large grained samples. Williamson-
Hall plots for Sm-Fe-N compact 816 (Figure 68(c)) and Nd-Fe-B compact 826-3 (Figure 79(b)) show
similar trends. Shock compacted samples have increased diffraction peak width, and most of the
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Figure 118: XRD traces of traces of melt-spun Pr-Fe-B/α-Fe composites and the
front and back of recovered compacts with different initial densities. [15]
increase width is accounted for by a decrease in grain size. The SEM images for both types of
materials agree with the Williamson-Hall analysis, as shown by Figure 70 (Sm-Fe-N) and Figure 80
(Nd-Fe-B). Both micrographs show that larger grains have broken up into smaller ones.
The similarity in deformation behavior of Nd-Fe-B and Sm-Fe-N most likely arises from the
availability of limited plastic slip in both of these systems. This means that large grained samples
of Nd-Fe-B and Sm-Fe-N will tend to deform by fracture, which appears as a reduction in grain size
in shock compacted samples. Mishra et al. [58] noted that Nd2Fe14B has only one primary slip
plane (001) and only two primary slip directions on this plane. This is essentially a result of the low
symmetry of the crystal system, a characteristic shared with the rhombohedral Sm2Fe17N3 phase.
The main difference in mechanical behavior of Sm-Fe-N and Nd-Fe-B is that Sm-Fe-N can
accommodate significantly more deformation before it begins to decompose. Comparing the XRD
traces of ball milled samples of Sm-Fe-N (Figure 117(a)) and Nd-Fe-B(Figure 76(b)), decomposition
occurs even in short milling times for Nd-Fe-B, while only long milling times produce decomposition
in Sm-Fe-N.
McCormick et al. [46] suggested that milling decreases the Nd2Fe14B grain size and the trans-
formation to an amorphous phase is driven by the large surface energy of the nanocrystalline grains.
SEM micrographs of compacts 826-3 and 1127-2 have microstructural features that may correspond
to areas of decomposition. Figure 80 of 826-3 shows areas of highly localized deformation with
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smaller grain and grain aggregates. The SEM image of compact 1127-2 in Figure 82 shows two
types or microstructural regions: type A, with grain morphology roughly similar to the starting
powder particle morphology, and type B, which appear as dark spots 1-5 µm in size. Both types
had similar Nd and Fe composition, as measured by the EDS. It is possible that the type B regions
are large areas of decomposition formed from an aggregate of many grains. The type B regions
in the images of compact 1127-2 may be regions similar to the areas of localized deformation in
compact 826-3, but with more severe deformation. The increased deformation produces decompo-
sition, leaving only areas of amorphous phase and tiny α-Fe grains (too small to resolve in SEM
micrographs).
The SEM image in Figure 83 shows that the particles in the type A regions of the 1127-2 sample
lack distinct particle outlines. The particles blend together in a manner that appears similar on a
smaller scale to the type B regions. This indicates that localized deformation is occurring at particle
interfaces, producing a microstructure with amorphous intergranular regions which appear in the
SEM as these smooth looking regions. This suggests that the type A areas are regions with partial
decomposition and the type B areas are regions of nearly complete decomposition.
This view of deformation and decomposition helps to explain why the compact 1127-2, which had
a lower shock pressure than compact 0826-3, showed such a greater degree of decomposition. While
the 1127-2 green compact had a slightly lower initial density, the biggest difference between the two
starting materials is the surface area of the particles. Attrition milling, used in pretreatment of the
1127-2 powder, does not significantly increase diffraction peak width, indicating only a small amount
of microstrain is introduced into the material through creation of dislocations; however, attrition
milling does significantly increase the surface area. This means that the 1127-2 compact will have
an increased amount of deformation at particle interfaces and generate additional decomposition.
An alternate view of the increased decomposition in the 1127-2 sample relative to the 826-
3 samples is that the attrition milling may have the effect of stripping off excess Nd from the
Nd2Fe14B particles. The unmilled powder has approximately 15% rare earth content (combined Nd
and Dy, with a majority being Nd). Since Nd2Fe14B is a line compound, the excess Nd will be
segregated to the grain boundaries [24]. This amorphous Nd rich grain boundary phase much more
easily accomodates dislocations and dislocation motion than the Nd2Fe14B grains [12]. If the softer
Nd-rich coating on the Nd2Fe14B particles is removed by ball milling, more of the deformation must
be accomadated by the Nd2Fe14B phase, leading to additional decomposition.
The shock compaction experiments discussed previously have a tri-axial stress state, dominated
by a hydrostatic stress component. The high rate forging experiments, discussed in §4.5.1 and §4.6.3,
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attempt to create a uni-axial stress condition to mimic the die-upsetting process. As discussed in
§2.2.3, the die-upsetting process, in which texture is introduced into Nd-Fe-B by uniaxial pressing
at high temperature, is a compositionally dependent diffusional process. Excess Nd creates a low
melting point grain boundary phase that provides a fast diffusion path at high temperatures. In-
creasing the strain rate or decreasing the temperature means that a higher pressure is needed to
reach the flow stress of the material. Applying this premise to high rate forging experiments means
that a very high pressure would be needed. While it is unlikely that a diffusion dominated process,
such as die-upsetting, can occur on the time scales available for high rate forging experiments, the
high strain rate behavior of Nd-Fe-B under uniaxial stress bears further investigation.
Numerous high rate forging experiments were performed on HDDR Nd-Fe-B powder and Pr-
Fe-B/α-Fe composite powder. The XRD traces in Figure 89 and Figure 91 reveal that high-rate
forging of HDDR powder causes an increase in diffraction peak width, but no increase in the (00c)
family of peaks. Similar results were obtained for high-rate forging experiments on the Pr-Fe-B/α-Fe
powder, as shown in Figure 109 and Figure 110. The effects on the XRD traces from forging are
similar to those seen for shock compacted Nd-Fe-B samples 826-2 and 826-3, although little or no
decomposition is observed in high-rate forging samples. The smaller amount of decomposition may
be due to the lower impact velocity used in the forging experiments. These results indicate that
uniaxial stress loading experiments do not significantly alter the mechanical behavior of Nd-Fe-B,
as compared to the tri-axial stress shock compaction experiments.
The above discussion of deformation in Nd-Fe-B has assumed that limited plastic slip is available
in this material system. A study by Jin et al. [15] reported a significant amount of microstrain in
shock compacted Pr-Fe-B/α-Fe melt-spun composites, as shown by Williamson-Hall plots, which
would seem to contradict the assumption of limited plastic slip. Figure 119 shows the Williamson-
Hall plot for the starting powder and recovered samples with different initial densities [15]. It
indicates that the starting powder has no significant microstrain, while the increase in the slope of
the trend line for the shock compacted samples indicates an increase in retained microstrain. This
differs from the results for compact 826-3 in Figure 79(b) of the present work, which show that shock
compaction decreases grain size but produces only a small increase in the microstrain.
Previous TEM studies by Mishra et al. [58, 12] have shown very little indications of dislocations
in Nd-Fe-B following die-upsetting. A small number of Nd-Fe-B grains contained twin dislocations,
but no other types of dislocations were observed. Likewise, TEM micrographs of the shock compacted
samples reported by Jin et al. [15] did not find any dislocations in the Pr-Fe-B grains, although
minor twinning and shear banding was observed in some of the samples.
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Figure 119: Williamson-Hall plot for XRD traces of shock compacted Pr-Fe-B/α-Fe
composites as reported by Jin et al. [15]
The exact method used to determine the peak width for the Williamson-Hall plot in Figure 119
is not described by Jin et al. [15]. In addition, the values for the sin(θ) axis are not given, which
makes replicating the analysis difficult. The original Williamson-Hall plot shows all three samples
on the same plot, which clouds the analysis. Figure 120 shows only the 76% initial denisty sample,
which has the most number of peak widths plotted. For comparison purposes, Figure 120 shows
a replotted Williamson-Hall plot in which the peak widths, as shown in the XRD trace from the
paper, are estimated by eye. The replotted data roughly matches the original plot in some cases,
but some peaks shown do not lie with the trend and do not allow for a clear conclusion as to the
primary deformation mechanism.
The large number of overlapping peaks present in the XRD trace complicates any measurement
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Figure 120: Williamson-Hall plots for (left) published XRD trace of shock compacted
Pr-Fe-B/α-Fe composites with initial density of 76% [15] and (right) replotted data
when measuring peak width by eye.
of the peak width. A proper analysis of the XRD pattern needs to separate the effects of overlapping
peaks by fitting the pattern with superimposed peaks. The 76% XRD trace was digitized and fit to
a combined gaussian-lorentzian curves (psuedo-Voigt) using the Jade XRD analysis software. Figure
121 shows the resulting Williamson-Hall plot. While there is considerable scatter in the plot, the
best fit trend line has shifted up and there is little evidence of an increase in the slope. This suggests
the the deformation is occurring primarily by grain size reduction, instead of generation and motion
of dislocations. This is in agreement with both the TEM micrographs shown in the Jin et al. [15]
paper and is consistent with the results shown for shock compacted Nd-Fe-B in Figure 79(b) from
the present work.
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Figure 121: Williamson-Hall plots for (a) starting materials and (b) shock compacted
Pr-Fe-B/α-Fe composites from Jin et al.’s report [15] replotted using pseudo-Voigt
curves to fit the XRD pattern.
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Figure 122: Schematic of optimal distribution of soft particles around a larger hard
particle
5.4 Development of Texture by Magnetic Field Alignment
The use of a magnetic field to rotate magnetic particles into alignment prior to sintering is one of
the most successful techniques for fabricating highly textured permanent magnets [66, 8]. Adapting
a similar technique for use with shock consolidation of nanocomposite magnetic materials requires
a new method of fabricating composite powders. The commonly used fabrication methods of melt-
spinning and high-energy ball milling typically produce isotropic polycrystalline particles. Since
these particle are individually isotropic, using a magnetic field to rotate them into alignment will
not produce an anisotropic sample.
A possible solution is to develop a composite by mixing together different types of single crystal
particles. In order to construct a bottom-up composite in this fashion, it necessary to control the
size distribution of both powders. If the grain size of the hard magnetic phase is large, then clusters
of the soft phase particles must necessarily form if there is a significant fraction of soft phase. This
is mostly likely the cause of the clustering of Fe16N2 particles seen in the Sm-20%16-2 compact in
Figure 73.
The maximum soft phase that can be added without forming clusters of soft particles can be
estimated by assuming that the soft phase forms a uniform coating around the hard particles.
Alternatively, a uniform coating can be used to approximate a single layer of soft phase particles
surrounding a hard phase particle. Figure 122 displays a schematic which illustrates the idea. If a
hard phase particle of diameter d has a soft phase coating of thickness t, the volume fraction of soft
phase will be given by:





Figure 123: Dependence of maximum possible soft phase volume fraction on hard
phase particle diameter. Curves are shown for soft phase layer thicknesses of 50, 20,
and 12.5 nm.
For a soft phase thickness of 25 nm, the hard phase particle must have a diameter of approximately
900 nm in order to have a 15% volume of the soft phase. Figure 123 plots the allowable soft
phase percentage verses the hard phase particle diameter for three different thicknesses of soft
phase coatings. While the soft phase grain size must be approximately ∼10-30 nm in order to take
advantage of exchange coupling, the hard phase grain size need only be small in order to allow a
significant amount of soft phase to be added [4]. For 10-20% soft phase, the necessary particle size
shown in Figure 123 is in the range achievable by attrition milling of Nd-Fe-B powders, which was
shown in §4.5 to produce primarily single crystal particles.
Equation 32 is obviously a simplified model of the grain structure of a bottom up composite
formed by mixing nanoparticles. Real powders have some distribution of particle sizes, and a few
larger particles can significantly skew a volume weighted average. To achieve a suitable microstruc-
ture, it will be necessary to achieve a size distribution with very few large particles. Using the size
distributions shown in Figure 96, one can get a better estimate of the volume fraction of soft phase
that can be added to the mixture. Assuming a 25 nm coating on an average sized particle in each
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Figure 124: XRD patterns for HDDR Nd-Fe-B powder and textured Nd-Fe-B sam-
ples N52, N42, 1127-2, and 1127-3.
size range, then 17% soft phase could be added to the powders milled for 185 and 403 hours.
As discussed in §4.6.2, samples of attrition milled particles were mixed with commercially avail-
able iron nanoparticles, and these powders were aligned and isostatically pressed at Advanced Ma-
terials Corporation. Figure 124 shows the XRD traces of the aligned pellets for both the unmixed
Nd-Fe-B powder (1127-2 Green) and the powder mixed with iron nanoparticles (1127-3 Green).
Also shown are the two types of commercial Nd-Fe-B magnets, grades N52 and N42, and as-received
HDDR powders. The mixed green compact was sealed inside a two layers of kapton film to prevent
oxidation of the iron nanoparticles. This leads to the greater amount of noise present in this scan.
The α-Fe lines over lap the Nd-Fe-B lines, and so the presence of the iron nanoparticles is difficult
to detect in small amounts. The HDDR powder serves as an isotropic sample for comparison to
the other four traces, which all have high intensity for the (00c) family peaks (plus the (105) peak)
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Figure 125: Intensity ratios of the (105) peak to neighboring peaks (214), (313), and
(115) for several forms of textured Nd-Fe-B and HDDR Nd-Fe-B powder (isotropic).
relative to other peaks.
The intensity ratio of the enlarged peaks to the surrounding peaks provides a rough estimate
of the amount of texture present [152]. Figure 125 shows the intensity ratios for the (105) peak at
38.3o and three neighboring peaks (214), (313) and (115). The samples are arranged with decreasing
texture from left to right. The N52 grade commercial sample shows the greatest degree of texture,
with very small (214) and (115) peaks and the (313) peak too small to be seen in the trace. For the
grade N42 material, the intensity ratios for these peaks show a slight increase, although the (313)
peak is still too small to be seen. The intensity ratios for the unmixed (1127-2) and mixed (1127-3)
green compacts show they have less texture than the sintered commercial materials (N52 and N42),
which is expected since liquid phase sintering tends to increase texture in Nd-Fe-B magnets [152].
The c-axis texture will also increase the (115) peak, but not to the same extent as the (105) peak.
This is the reason the (313) peak is larger than the (115) peak in the HDDR sample (isotropic), but
not in the textured samples. Relative to the isotropic sample, both green samples have significant
c-axis texture, although the unmixed sample has less texture than the mixed sample. The addition
of the iron nanoparticles may help form aggregates that inhibit rotation of the particles. The higher
surface area of the nanoparticles may mean that additional toluene is retained, despite its removal in
vacuum, and the toluene residue may serve to entangle the particles. While green compacts 1127-2
and 1127-3 show significant texture, evaluating the effect of shock compaction on the alignment in




The shock compression response of soft (Fe4N and Fe16N2) and hard (Nd2Fe14B and Sm2Fe17N3)
magnetic phases has been investigated in this work to determine their thermo-mechanical stability
and explore the possibility of formation of textured bulk nanocomposite magnets. A prominent
result encountered in this work is the wide range of phase transformations observed in the shock
compacted magnetic materials. Phase transitions or decomposition were observed in Fe4N, Fe16N2,
and Nd2Fe14B, while shock compacted Sm2Fe17N3 samples showed very little or no decomposition.
The results indicate that use of shock compaction to develop a high performance permanent magnet
will require careful control of the material and compaction conditions to minimize the effects of
phase transformations.
Utilizing the ferromagnetic iron nitrides, and Fe16N2 in particular, as the soft phase in an ex-
change coupled permanent magnet is especially difficult, due to their thermo-mechanical instability.
Shock compaction of FCC Fe4N created a partial transformation to HCP Fe3N. This mirrors pre-
vious reports of tungsten-carbide anvil cell experiments, which establish the transition point as a
pressure of ∼3 GPa. Shock compaction of Fe16N2 produces decomposition due to thermal effects.
The main products, α-Fe and Fe4N, are the typical thermal decomposition products of Fe16N2, and
the estimated diffusion distance of nitrogen in the sample matches the Fe4N grain size.
Decomposition of Nd-Fe-B, producing α-Fe and amorphous Nd-Fe-B, was observed in several
shock consolidated samples. The decomposition process is attributed to deformation associated with
shock compaction, similar to decomposition reported in ball milled Nd-Fe-B. SEM micrographs of
shock compacted samples suggest that decomposition occurs primarily in areas of localized deforma-
tion. Shock compaction of attrition milled samples, which have a significantly higher initial surface
area, leads to nearly complete decomposition of the Nd2Fe14B phase, and this may be due to in-
creased deformation at particle interfaces. Previous reports have shown evidence of decomposition,
but the formation of α-Fe was attributed to melting or was not directly discussed. Estimates of
the shock temperature and VISAR experiments performed in the present work indicate that the de-
composition is not due to melting. Observation of decomposition in shock compacted Nd-Fe-B and
Pr-Fe-B composites with α-Fe can also go undetected, since α-Fe is already present in the starting
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materials.
Previous reports have demonstrated the stability of Sm2Fe17N3 under shock compression [124,
126]. The present work helps to describe the deformation occurring during shock compaction more
thoroughly. Sm-Fe-N was shown to accommodate deformation primarily by grain size reduction,
especially in large grained materials. The phenomena of grain size refinement is likely linked with
low plasticity, as very little increase in microstrain is observed in any of the Williamson-Hall plots.
Similar effects, deformation by grain refinement and limited microstrain, are seen in shock compacted
samples of Nd-Fe-B. The low symmetry of the rhombohedral (Sm-Fe-N) and tetragonal (Nd-Fe-B)
systems limits the number of active slip planes, which is most likely the cause of the limited plasticity.
While many questions remain, the use of magnetic fields to pre-align magnetic particles holds
promise for development of texture in exchange coupled permanent magnets. Composites were
formed by mixing single crystal particles of Nd-Fe-B with iron nanoparticles, and the alignment-by-
magnetic-field technique was able to introduce significant texture into green compacts of this mixture.
Problems with decomposition of the Nd2Fe14B phase, as discussed above, prevent fabricating bulk
compacts from the aligned green compacts; however, SEM micrographs show that the grain growth
in the iron nanoparticles is limited during shock compaction. Thus, if the decomposition problem
can be overcome, then the technique has potential to produce a textured nanocomposite magnet.
While consolidating mixtures of nanoparticles into bulk form without decomposition or grain
growth is a challenge, fabricating single crystal particles of sufficiently small size is also an issue.
If the hard phase particles are large, then either a very small fraction of soft phase can be used or
there must necessarily be clusters of soft phase particles. The use of attrition milling to process
Nd-Fe-B is therefore an important technique, since it can be used to create single crystal particles
of sufficiently small size.
In conclusion, the present work on shock compaction has revealed the importance of detailed
characterization of microstructure as a function of loading conditions. A wide range of phase transi-
tions were observed in shock compacted materials due to a combination of deformation, thermal, or
stress induced effects. Unwanted or uncontrolled phase transformations can be detrimental to the
properties of permanent magnets. Many previous studies on shock compaction of magnetic mate-
rials do not pay attention to the phase stability aspects, and simply focus on measured magnetic
properties. Without providing detailed characteristics of the microstructure, the effects of shock
compaction can be difficult to discern. Careful analysis of the microstructure and phase stability,
through XRD or TEM analysis, and their correlation with processing (compaction) conditions, will




The combination of magnetic field alignment and shock compaction has great potential for de-
veloping a textured and exchange-coupled nanocomposite magnet; however, the decomposition of
Nd-Fe-B is a critical problem. The decomposition is driven by localized deformation; however,
the deformation mechanism of Nd-Fe-B changes at elevated temperatures. At 1000oC and above,
Nd-Fe-B can accommodate significant plastic slip. Shock compaction experiments performed at an
elevated temperature may be able to consolidate the material through enhanced plastic slip instead
of decomposition. A combination of the heating from shock compaction and conventional heating
of the shock fixture at the time of impact can be used to achieve the optimal thermal conditions for
good consolidation.
An alternative is to replace Nd-Fe-B with a more mechanically stable hard magnetic phase.
Future work in this area will need to develop techniques for fabricating submicron sized hard phase
magnetic particles, and attrition milling appears to be a promising technique. Sm-Fe-N may be an
ideal candidate, since this work and several other studies have shown it to be relatively stable under
shock loading. SmCo5 is another possible choice. It’s high anisotropy maybe useful in maintaining
a high coercivity while adding a larger volume fraction of soft phase. An exchange coupled magnet
based on SmCo5 will be unlikely to significantly surpass the energy product of a conventional Nd-Fe-B
magnet, due to the low magnetization of SmCo5; however, Sm-Co magnets are still the best available
high temperature permanent magnets. An exchange-coupled Sm-Co magnet may improve the energy
product of magnets used in high temperature applications. In addition, shock compaction of Fe16N2
alloyed with cobalt should be explored, since the cobalt additions may raise the temperature stability
and allow for the use of this high magnetization phase in a nanocomposite permanent magnet.
Despite the alignment achieved in green compacts of nanoparticle mixtures, it is unclear how
shock compaction will affect the alignment. While the loading condition is mainly hydrostatic, shock
compaction is unlikely to produce a true isostatic compaction. Varying the shape of the wave front
or altering the character of the pulse, such as using a ramp wave, may be beneficial to maintaining
the alignment.
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Even if a textured nanocomposite is developed through shock compaction, there are other sig-
nificant challenges to developing a high performance exchange-coupled magnet. Maintaining a high
coercivity while adding a large fraction of soft grains may be difficult. The presence of defects and
the character of the grain boundaries also have a significant influence on the magnetic behavior. The
development of texture in bulk form, however, has so far been the biggest problem in fabricating
these types of next generation magnets.
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APPENDIX A
SUMMARY OF SHOCK COMPACTION EXPERIMENTS
This appendix provides a single chart of all shock compaction experiments presented in this work.
Several important characteristics are listed, however, additional details are presented for each exper-
iment in the appropriate section. The compositional phase percentages shown for Fe16N2 composites
are the nominal values with the actual values measured from XRD in parenthesis. The overlapping
peaks and low signal to noise ratio of the XRD scans of the Sm-Fe-N/Fe4N composites prevented
any meaningful quantitative phase analysis, so these phase percentages were left blank. Since most
samples of shock compacted Nd-Fe-B contained significant amounts of amorphous phase, the relative
phase percentages are not listed. Instead a description of the processing steps used to prepare the
pre-shock powder are listed.
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Table 14: Summary of shock compaction experiments for all materials
Sm-Fe-N Sm2Fe17N3% α-Fe%
Relative Impact Pressure Temp
Density Velocity (m/s) (GPa) (oC)
677 Green - - 63% - 0.79 -6
677 Compact 96% 4% 92% 788 ± 10 4.9-5.4 370-390
804 Green 96% 4% 72% - 0.79 -21
804 Compact 96% 4% 95% 844 ± 42 7.0-7.4 350-365
816 Green 96% 4% 73% - 0.79 -122
816 Compact 92% 8% 98% 903 ± 2 7.8-8.1 300-310
Fe4N Fe4N Fe3N Rel. Dens. Imp. Vel. Pressure Temp
Fe4N Green 100% - 68% - 0.79 4
Fe4N Compact 57% 43% - 860 ± 6 6.4-6.8 420-440
Fe16N2 Fe16N2 α-Fe Fe4N γ′′-FeN ε-Fe TMD
-21C 16-2 Green 95% 5% - - - 7.43
-21C 16-2 Compact 20-22% 41-55% 21-32% 0-3% 4-5% 7.61-7.69
-126C 16-2 Green 95% 5% - - - 7.43
-126C 16-2 Compact 13-17% 18-24% 29-43% 16-27% 6-7% 7.44-7.46
Fe16N2 Contin. - - Rel. Dens. Imp. Vel. Pressure Temp
-21C 16-2 Green - - 59% - 0.79 -21
-21C 16-2 Compact - - 92-93% 844 ± 42 5.3-5.8 520-540
-126C 16-2 Green - - 56% - 0.79 -126
-126C 16-2 Compact - - 92-93% 866 ± 4 4.9-5.3 430-450
Sm-Fe-N/Fe4N Sm2Fe17N3 Fe4N Rel. Dens. Imp. Vel. Pressure Temp
Sm10%Fe4N Green 90% 10% 77% - 0.79 -6
Sm10%Fe4N Compact - - 93% 788 ± 10 7.1-8.0 300-350
Sm20%Fe4N Green 80% 20% 79% - 0.79 -6
Sm20%Fe4N Green - - 96% 788 ± 10 7.4-7.9 280-330
Sm-Fe-N/Fe16N2 Sm2Fe17N3 Fe16N2 Rel. Dens. Imp. Vel. Pressure Temp
Sm-10%16-2 Green 90% (86%) 10% 75% - 0.79 -122
Sm-10%16-2 Compact 90% ∼0% ∼94% 903 ± 2 8.2-9.1 280-330
Sm-20%16-2 Green 80% (77%) 20% 74% - 0.79 -122
Sm-20%16-2 Compact 80% ∼0% ∼94% 903 ± 2 8.0-8.7 290-350
Sm-80%16-2 Green 20% 80% (76%) 59% - 0.79 -126
Sm-80%16-2 Compact 20% 0-15% ∼93% 866 ± 4 5.4-6.0 400-450
Sm-90%16-2 Green 10% 90% (86%) 56% - 0.79 -126
Sm-90%16-2 Compact 10% 0-15% ∼90% 866 ± 4 5.1-5.6 400-470
Nd-Fe-B Description Rel. Dens. Imp. Vel. Pressure Temp
826-3 Green As-Rec HDDR 75% - 0.79 RT
826-3 Compact As-Rec HDDR 99% 722 ± 4 5.6-5.7 310-330
1127-2 Green Attrition Milled Aligned ∼62% - 0.2 RT
1127-2 Compact Attrition Milled Aligned ∼90% 700 ± 3 3.9-4.3 350-370
1113-1 Green Attrition Milled 68% - 0.79 RT
1113-1 Compact Attrition Milled 88% 978 ± 9 8.1 550
1127-1 Green Commercial 100% - 0 RT
1127-1 Compact Commercial 100% 700 ± 3 11 160
826-2 Green NRL Melt Spun 78% - 0.79 RT
826-2 Compact NRL Melt Spun 96% 722 ± 4 6.2-6.6 300-320
Nd-Fe-B/α-Fe Description Rel. Dens. Imp. Vel. Pressure Temp
1023-1 Green Nd-Fe-B Ball Milled 64% - 0.79 -83
1023-1 Compact Nd-Fe-B Ball Milled 98% 820 ± 60 5.8-6.0 370-380
1023-2 Green 15% α-Fe Ball Milled 67% - 0.79 -83
1023-2 Compact 15% α-Fe Ball Milled 99% 820 ± 60 6.2-6.3 400-410
1023-3 Green 25% α-Fe Ball Milled 69% - 0.79 -83
1023-3 Compact 25% α-Fe Ball Milled 96% 820 ± 60 6.7-7.0 320-330
1113-2 Green 15% α-Fe Nanoparticle Mix ∼69% - 0.79 RT
1113-2 Compact 15% α-Fe Nanoparticle Mix ∼90% 980 ± 3 8.0-8.2 530-550
1127-3 Green 15% α-Fe Nanoparticle Mix ∼62% - 0.2 RT
1127-3 Compact 15% α-Fe Nanoparticle Mix ∼90% 700 ± 3 3.4-4.1 260-330
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APPENDIX B
CALCULATION OF RELATIVE PHASE PERCENTAGES
IN BALL MILLED SM-FE-N.
For the XRD traces shown in Figure 117(a), a combined gaussian-lorentzian curve was fit to the
(220),(303),(006), and (205) peaks of Sm2Fe17N3 and the α-Fe (110) peak. The relative amount of
iron was calculated in three ways. First, the 100% intensity peaks for each phase (Sm-Fe-N(330)
and α-Fe(110)) were divided by their respective relative intensity ratios (Sm-Fe-N = 2.5, α-Fe =
11.9). The ratio of the resulting values was assumed to be equivalent to the ratio of Sm-Fe-N to
α-Fe. The powder diffraction file (PDF) #01-089-7985 lists the ratio of the of the (220) to the (303)
peak for Sm-Fe-N as ∼0.7. Since the overlap between these peaks can increase the fitting error, an
alternate method was used in which the intensity of the (220) and (303) peaks were added together
and divided by 1.7 in order to give an equivalent intensity of the 100% peak. The third method fit a
single curve to the (220) and (303) peaks and divided the intensity by 1.7 to find an equivalent 100%
intensity value. In most cases, the first method (using only the Sm-Fe-N (303) peak) gave the lowest
percentage of α-Fe and the third method (fitting the (220) and (303) peaks with a single curve)
yielded the highest precentage of α-Fe. The error bars shown in Figure 117(a) represent the highest
and lowest values found for all three methods. As milling time increases, the overlap between the
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